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REPORT SUMMARY

We have seen the potential for ground-source heapGSHP, or “geothermal”) systems to
significantly reduce energy consumption in commadroiildings in comparison to more conventional
systems. An innovation to GSHPs, a hybrid groungrg®heat pump system (HyGSHP, or hybrid) can
dramatically decrease the first cost of GSHP systeynusing conventional technology (such as a rgoli
tower or a boiler) to meet a portion of the pea#timg or cooling load. We believe that the lowestfi
cost of HYGSHP systems has the potential to inertesrate of deployment of ground-source systems,
generating large aggregate savings. In order taiggasome of the additional information that thside
community may need to implement this more innoweatipproach, we've completed a study of three
hybrid installations. This study aimed to estabttsl economic and environmental performance of the
approach, as well as document some lessons leangeidnprovements in hybrid design. Additionally,
we validated our computational model of the hylsgdtem and have made it available to the building
design community for general use.

Our study began by collecting data from two coclifmgninated buildings and one heating-dominated
building. The cooling dominated buildings, Cashriguipment (office and service) and East CTA
(vocational school), are in the Las Vegas area.hgating dominated building, Tobacco Lofts, is in
Madison, Wisconsin. Energy consuming systems dheade buildings underwent extensive monitoring
for a period of one year. Models were also builalbthree projects, utilizing coupled eQUEST (for
building loads) and TRNSYS (for HVAC plant) modelhie models were used in analyzing economic
and environmental impacts, as well as in estabigsttie benefit of further refinements to the system
These models were first validated using collectaa,dooth component by component and at the system
scale; validation successfully showed the modelksiiag actual system performance within reasonable
design uncertainty.

Analysis using these models showed that in alktltases, the hybrid systems were cost effectiverdyn
savings from using HYyGSHPs instead of conventieN&AC was significant, and nearly equaled that
from a purely ground-source approach. But the fiost of the HYyGSHP system was substantially less
than the ground-source-only system in all cases.rébult is an average rate of return for investing
hybrids (versus conventional HVAC) from the threses of 10%. If the project teams had invested in
additional GHX to go to a full GSHP system, thesrat return on thadditionalinvestment for the rest of
the GHX would have averaged just 3%.

In addition to economic impacts, we were concemigld the energy and environmental impact of the
hybrid approach. The most straightforward metrictfi@se impacts is simply the level of £€nissions.
The hybrid approach saved as much or more €fissions (versus a conventional HYAC systemhas t
ground-source-only system; choosing to hybridisgstem does not substantially degrade the
environmental benefits of ground-source.

In addition to analyzing the performance of thesgesns, we collected a list of lessons that weamked
about effective hybrid design and operation. Werled some of those lessons through observation and
modeling of the systems; others were learned inthrérom the teams that designed and operated the
three systems we studied. The following is a liefrview of those lessons, which others may apply t
their own similar systems:
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v

Component sizing in a hybrid system is extremelgantant—take special care not to oversize
the load that drives the GHX size. Use a sizingutlgm that optimizes the tower or boiler; use
hourly—8760—Iloads as inputs to these tools if Bpassible.

Pumping uses a substantial amount of energy irbechgystem. Design decisions should
minimize pump sizes, but more importantly focugpant-load performance. For example, for
central pumping include a part-load pump of a senalize (~50%). Choose variable speed
equipment wherever applicable, with a well-posigdnP sensor that is adjusted (post—
occupancy) downward to allow for the lowest speaskible.

Cooling towers or fluid coolers in a hybrid systshould be variable speed with multiple towers
ramping in speed together (not staged), and rangmmgn quickly enough to shut off shortly
after substantial cooling. Post-occupancy adjustrogthe control setpoints can reduce energy
usage.

If analysis indicates nighttime precooling withaoting tower is appropriate, it should be
operated carefully (precooling is a strategy inchithe tower is operated during nighttime in
cooling season to take advantage of low wet buiiptratures and low electric rates). Precooling
should be operated: for a short period of timee(a fiours), right before morning startup, and at a
lower fan speed. The goal of precooling does noesgarily have to be a balanced load on the
ground.

The working fluid should be able to bypass the GB¥t a reasonably wide deadband (2¢F30
in which the GHX is not used; turn on GHX in coglidominated systems only 7°FObelow the
setpoint of the cooling tower.

Boilers in hybrid systems should be placed dowastref GHXs, and controlled to a setpoint 5-
10°F below the GHX. Condensing boilers work veryl imethese systems.

In addition to these results, we have made botltalected data and our validated hybrid systemehod
(under the namelyGCHBP) freely available on the Energy Center websitgdsist in feasibility studies,
design, and additional research. Both can be aedeggww.ecw.org/hybrid

These lessons and tools can be used to help owhersvould normally not consider a ground-source
system to reconsider; the lower cost of the hybggroach is certainly worth a pause in any system
selection discussion. System complexity may sélbb issue for some—depending on staffing, hybrids
may not be the best choice for facilities withoither an on-site HVAC facility manager or a good
service relationship with a local mechanical filBut in general, these systems should be both
implementable and effective on most heating- otingedominated buildings.
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INTRODUCTION

BACKGROUND

Ground-source heat pump (GSHP, or geothermal hwappsystems have shown potential to
significantly reduce energy consumption in commadroiildings in comparison to more conventional
systems. Yet ground-source systems have only bdaertacapture a few percent of the heating and
cooling market due primarily to the prohibitiveligh cost of installing the necessary ground heat
exchanger (GHX), which can cost an extra $6ffimore (a 20-30% increase in HVAC cost). Hybrid
ground-source heat pump (HyGSHP, or simply ‘hybriystems are an innovative version of GSHPs;
they build on GSHP systems by utilizing conventldeahnology such as a cooling tower or boiler to
meet a portion of the peak heating or cooling limatthe ‘geothermal’ loop (see Figure 1). With
conventional equipment displacing a portion of Hreovise expensive ground heat exchanger, HyGSHP
systems have the potential to make GSHP systenssasitiially more cost effective. This would likely
increase the rate of deployment of ground-sourstesys in general. And though they are alatays
more efficient than ground-source only systemsyidydystems’ ability to increase deployment of
ground-source in general may create larger savingggregate.

_________________ - Cooling Tower
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1
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Figure 1. A hybrid ground-source heat pump system in a warm climate.

But HYyGSHP systems have technical challenges tha bBlowed their growth initially. Adding the
additional piece to the heating/cooling plant idtroes complexity. Therefore there remains a lack of
knowledge beyond all but the basic design prinsipl®ore information is needed in the market to
improve designs, control systems, and general tparaf the systems that exist and that will exist.
information is available and provided to owners #ralr facility staff, these systems can be operate
quite successfully. Additionally, more data and$aweed to be available for the engineering comtguni
to study hybrid systems. Tools that currently efostmodeling energy consumption, considering
different design options, and conducting appliestaech all have difficulty with some area of hybrid
systems.
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OBJECTIVE

With this study we aim to provide some of that kiexdlge through analysis of three example sites o tw
different climates. Two sites were in the Las Vegiasa—a hot and dry climate. The other site was in
Madison (WI}—a cold, but humid (in the summer), climate. Théwsproved most convenient and
applicable for research given the availability ajodlity of data, and operational characteristicthef
systems. This also allowed for study of both caplimd heating dominated systems; though many
commercial buildings in Wisconsin are cooling-doatéd, a multifamily building was chosen to enstire i
would be dominated by heating loads. These bklzould therefore serve as “bookends” for applying
lessons learned to a wider variety of other bugdin

We collected high resolution data at all of theésesSor over a year with several goals in mindusing

this data. First, we used it to validate modelbydfrid components and systems that could be used no
only by us but could be shared with others for iowrg research and design nationwide. Model
validation included the DST ground heat exchanGétX) model in TRNSYS§ a few other TRNSYS
components, and a full hybrid module. The modedsfiaely available to the public through the HyGCHP
modulé. They can be used for further study of not onligrity systems in general, but also feasibility and
design studies of specific buildings being desigmerktrofitted. We also used lessons learned in
operation, costs, and equipment performance toduwgpthe operation of the HyGCHP module.

Secondly, the validated models was used to denatagtre effectiveness (or ineffectiveness) of the
hybrid approach as compared with both conventisystems and ground-source-only systems.
Effectiveness in this case is used as a descibtooth cost effectiveness and environmental impact

And thirdly, we used the data to identify lessaarhed in the design and operation of the hybritesys
studied. This includes both lessons learned bygdesd construction professionals, energy managers
and other operators, and even some informatiofaflity personnel. We’'ve also identified future
improvement potential and quantified this potenigihg our hybrid models.

Finally, the data collected from the three sites ben made public for others to use in continténg
research and improve HyGSHPs.

It is worth clarifying one overarching point abdlkiese objectives. They are primarily focused on
improving theeconomiceffectiveness of heating, cooling, and ventila{bivAC) systems. And while
the holistic, life-cycle economics used here gdhefavors saving energy, sometimes economic
optimization comes at the price-ebften minimal-increases in energy consumption. If economics are
not the key concern, and a builder or owner hasuh@ing to maximize energy savings at any cost
(rarely the case), the best practices may look sdratdifferent than those concluded in this report.
However, if economics are optimized, than GSHPneldgy can be implemented in even more
buildings, saving more energy in the aggregate.

1 TRNSYS, or Transient System Simulation, is thergpenodeling tool used to model the HyGSHP systems
throughout our work.

2 Originally begun under separate funding from teetican Society of Heating, Refrigeration, and Air
Conditioning Engineers, or ASHRAE. Our current mdalélds on the methods and components of thatipusv
model, which was developed under ASHRAE researofeptr#1384 (Hackel, 2009a).
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LITERATURE REVIEW

Though there is still a great need for knowledgthaarea of hybrid systems, there has been some
excellent research already conducted on the sulgegtral studies have presented the details of
installation and operation of actual hybrid systegenerally in a case study format, with some lesso
learned (for example, Wrobel, 2004; PhetteplaceSuilivan, 1998; and others). Some studies hawe als
used simulation tools to model (Chiasson et aD920hornton, 2005) and optimize hybrid systems tha
are not yet constructed. Gentry et al. createdyBIHP model of an actual full (experimental) builgli
system setup, and validated it with the data ctabkc

General methodologies for the design of HyGSHPesgsthave been discussed by Kavanaugh (1998),
Xu (2007), and others. Some studies have also éacos identifying effective control strategies for
hybrids. One study was done by Yavuzturk and &p{2000), who identified an economical method of
controlling a cooling-dominated hybrid system withadjusting the size of the equipment. The same
conclusion on control methodology was reachedénfbrt Polk study (Thornton, 2005), in which selera
differing control strategies were optimized anditkempared. These studies have focused primarily o
the design of cooling-dominated systems. Howes@me research has also been done relative to the
design of hybrid systems for heating-dominateddngjs; primarily using solar collectors as the
supplemental device (Chiasson and Yavuzturk, 20@8ener and Hepbasli, 2004; Chiasson, 2009).

Additional research has focused just on the mogdeadirthe GHX component (one of a féwey
components) of these and other GSHP systems. @hedozens of computational models available for
modeling GHXs (for a survey, see Yang et al. 200Qix. project relies on an adaptation of the GHX
model developed at the University of Lund (Hellstrdl 989), also known as the duct ground heat storag
model (DST), which has been implemented in TRNSKIBi(, 2006).

Our research builds on these previous works bysiaguon data and lessons learned from actual hybrid
installations, to both fully account for the chalies of implementing and operating a complex system
a real building, and to study the ability to impeathese systems. It also uses this detailed datittate
models for more accurate analysis, as well as aaedissemination as tools for the engineering
community.

Energy Center of Wisconsin 5
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DATA COLLECTION

BUILDINGS STUDIED

Three sites in two different locations were selgdte this study. Two cooling dominated hybrid gndu
source systems were selected. Both are in the bgad/areaa hot, dry climate. The other site was a
heating dominated system, and was located in MadM#f)—a cold, humid climate. Of a dozen or so
hybrid installations we considered, these sitegsqutanost applicable for research given the avditgbi
and quality of data, and reasonably typical openati characteristics of the systems. Both coolimg) a
heating dominated systems were selected so thatth#d serve as “bookends” for applying the lesson
that we learned to a wide variety of other building

The three buildings and systems are summarizedliteTl.

Cashman East CTA Tobacco Lofts

Full Name Cashman Equipment East Career and Technical Tobacco Lofts at Findorff Yards

Academy

Building Type An even mix of office, High school Multifamily (with minimal
maintenance, and warehouse common space)

Location Henderson, NV Las Vegas, NV Madison, W1

Area 305,000 ft* 251,000 ft* 74,300 ft*

Area with GSHPs 205,000 ft? 251,000 ft? 57,200 ft*

Year built 2008 2008 Built in 1899, Remodeled in

2005

Construction Tilt-up concrete construction, Tilt-up concrete construction, Structural brick, some furred-
built-up roof, double-pane tinted built-up roof, double-pane tinted out insulation, built-up roof.
curtain-wall and storefront curtain-wall and storefront Double-pane windows.
glazing, plus large glazed glazing.

overhead doors in garage
areas.

HVAC Configuration Distributed HPs, with dedicated Distributed HPs HPs in each unit, with dedicated
outdoor air outdoor air
GHX Size 360 bores, 400 ft deep 420 bores, 400 ft deep 39 bores, 280 ft deep
Supplemental Device 2x 250 ton closed-circuit 2x 167 ton closed circuit cooling 199 MBH boiler
cooling towers towers

Supplemental Config. In series, downstream of GHX In series, downstream of GHX In series, downstream of GHX

Pumping Primary/secondary, constant Primary/secondary, constant Primary/secondary, constant
speed GHX and variable speed speed GHX and variable speed speed GHX and constant speed
building building building

Table 1. Data collection sites.

Cashman Equipment (Cashman) is a large equipmaltdgrda Henderson, NV (just southeast of Las
Vegas). The campus is made up of seven buildingsuitiple types, primarily offices, maintenance
garages, and a warehouse. Roughly two-thirds ofdh®us is served by the HyGSHP system, which is
connected via two variable flow campus loops back tentral mechanical room (the one-third of the
campus not on HYyGSHP is made up of the garageshvane on individual air handlers). A dedicated
outdoor air system provides energy recovery andilaéion to each space, and is also on the HyGSHP

Energy Center of Wisconsin 6
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loop. The secondary building loops are served layge primary loop, which has both GHXs and cooling
towers attached. The GHX is divided into four ineegently pumped (constant speed) fields. The fields
are divided primarily to keep equipment sizes senalhd make purging easier. The two towers are
variable-speed (on fans) closed-circuit coolinggm(i.e. fluid coolers), pumped independently fribwe
primary loop. A system schematic is shown in Figdréhe primary loop is to the left, with the arrow
showing flow direction. In this system, the GHXeatipts to keep the loop temperature within a set
temperature range; if the upper setpoint cannobdigby the GHX, the cooling towers both ramp up in
speed to meet the setpoint. An image of the bugklis shown in Figure 3.

\ \ 7

e
o
Q Q
YO EE
© HE[EE
2.9 J
o o o O + Flow Meas.
To Separate O- Temp. Meas.
Borefields

Figure 2. System schematic for Cashman. East CTA had a very similar configuration, but only used one
building loop (instead of two), had seven GHX loops (instead of four), and did not include GHX bypass.

Figure 3. One of the buildings on the Cashman Equipment campus.

East Career and Technical Academy (East CTA) mcational high school in Las Vegas, NV. The
school is divided into several different areashgaroviding education in a different vocatiefrom auto
repair to culinary arts. Much of the space is tgpuf a high school (offices, hallways, classrooats,)

but the vocational nature of the school meansth®at are also large workshops, a full commercial
kitchen, and other specific process loads and spatese diverse spaces are all served by a HYyGSHP
system. Individual, closet-installed heat pumpseeach space (with large spaces served by 2-3 heat
pumps) and are tied back to the mechanical rooronéglarge variable flow secondary loop. These
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secondary building loops are connected to a prirtary, which has both GHXs and cooling towers
attached. The GHX is divided into seven indeperdenimped (constant speed) fields. The fields are
divided primarily to keep pump and piping sizes benaand make purging easier. The towers are two-
speed closed-circuit cooling towers (i.e. fluid lews), pumped independently from the primary loop
(with variable speed pumps). The system is simil@@ashman’s (Figure 2), but with seven GHX
circuits, one building loop, and no GHX bypass.iétyre of East CTA is shown in Figure 4.

Figure 4. One of the buildings on the East CTA campus.

The Tobacco Lofts at Findorff Yards (Tobacco Loftssq multifamily building in Madison, Wi

(originally warehouses built in 1899). The Lofte @omposed of two buildings (East and West) with 61
individual one or two bedroom living units, and @meall office suite. A parking garage also occupies
one floor of the West building. All the residentialits, entryways, and the office are served by the
HyGSHP system (the hallwaysncluding building ventilatior-and garage are served by unit heating
equipment), which is connected via a variable fltoop back to a central mechanical room. This loop
has both a GHX and boiler attached to it. The Gbkl¥hade up of four circuits, all pumped using one
constant speed pump. The boiler is a fully modogationdensing boiler, with its own constant speed
circulation pump. A system schematic is shown guFé 5. In this system, the GHX runs continuously t
meet heating/cooling loads, and the boiler is tdroe—fairly infrequently—only if the lower setpoint
cannot be met by the GHX. Figure 6 shows a piatfitke Tobacco Lofts.

% The system was designed as variable flow, buessuith the variable frequency drives now cause iitin at
constant speed. This was true during much of otar clallection period, but is currently being dewith by facility
staff.

Energy Center of Wisconsin 8
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B Flow rate measurement

@ Temperature measurement

@ Pump

T2

Buildings

Figure 5. Schematic of the system at Tobacco Lofts.

Figure 6. One of two Tobacco Lofts buildings.

MONITORING

Cashman and East CTA

At both Cashman and East CTA, the building autoomagiystem (BAS) was used for data collection. At
these facilities the BAS monitored key parametedbaminute intervals (with instantaneous
measurements). These parameters included submetegggl consumption (a calibrated meter for each
panel), loop temperatures at all key points (asvshia Figure 2), all loop flowrates, and equipment
on/off status. Additionally, some key building optional parameters such as ventilation and lighting
status, were collected at both sites. At both e$éhsites, monitoring was set up relatively quiclter

the buildings were occupied, and data represehthitial, post-commissioning operation of theteys
(though some commissioning issues are still beditlyessed at East CTA).

Temperature measurement through the BAS at theseisiassumed to have an uncertainty oA%A.
This results in the uncertainty of temperatcinangebeing +1.3\°F*. Flow rates at Cashman were
measured using inserted turbine flowmeters. Thextens(Onicon F-1210 and F-1110) have a
manufacturer specified uncertainty of at most 2%ubhfscale. At East CTA, flow rate was simply bdse

* Temperature change is directly proportional tct fleav, and is therefore the more important undattein this
project; see Pertzborn (Pertzborn, 20fbt)a more in depth discussion of measurement teiogy on this project.

Energy Center of Wisconsin 9
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on spot flow measurements using ultrasonic too&ched to pump speed. Temperature and flow
measurements at both Cashman and East CTA wehefudlidated using energy balances. The full
year of data from both Cashman and East CTA idahlaifor others to use for research and/or
comparison purposes (sappendix A. Dat&Zollected, in thé\ppendices

Tobacco Lofts

Tobacco Lofts did not have an extensive BAS. Irtsteata collection equipment was custom installed
for this project. Temperatures at all points (aavghin Figure 5) were collected using calibrated
thermocouples inserted in wells, with an estimateckrtainty of only +0.4A°F. Power consumption was
measured using current transducers (with spot-eetesltage), and status of key pieces of equipment
was collected, also with current transducers. Fiame was measured in both the main building loap an
GHX loop using balancing valve pressure-drops @saiDwyer 629-01-CH) calibrated to ultrasonic flow
measurements (and further validated with energgrzals between loops). In addition, in six apartment
units (10% of units), the heat pump power, tempeeadirop/rise, run-time, and return air temperature
were collected at each heat pump. At this sitaetheere five years of operation before our studyalne
with significant effects on validation of the Tolsad_ofts model (se¥alidation).

An energy balance was performed on the bypassflgge aystem using these temperatures and flow
rates. Initially the energy entering and leaving llypass did not balance within the uncertainthef
instruments; flow rate was determined to be thaeigthe valves were not meant for research-grade
measurements), so additional flow rate spot measemts were taken using a transit-time ultrasowiw fl
meter (Fuji FSCS10A1-00) with a manufacturer spedificcuracy of + 1%. The continuously monitored
flow rates measured using the orifice were caldatdb match the flow rates measured from the wtrias
flow meter; the result was a dramatic improvemarthe bypass energy balance. Additional checkgusin
a boiler energy balance and a calibrated buildiogehyielded similarly good results.

The full year of data collected from Tobacco Laftswvailable for others to use for research and/or
comparison purposes (sappendix A. Dat&Zollected, in thé\ppendices

GROUND PROPERTIES

One of the objectives of our study is to validdie models (and components of models) that were
constructed (both for this analysis and publicriistion). Validation of any ground-coupled system
requires an independent empirical measuremenedgjtbund properties. In this case we had indepénden
in-situ thermal conductivity tests from all thrétes studied. Results of these tests are showalteT2.

Thermal Thermal Undisturbed
Conductivity Diffusivity Ground Temp. Date - GHX Date - Beginning
(Btu/hr-ft-°F) (ft?/day) (°F) Date - TC Test Startup of Study Data
Cashman 1.12 0.69 78.0 October 2006 November 2008 January 2009
East CTA 0.92 0.55 76.0 June 2006 August 2008  February 2010
Tobacco Lofts 2.02 1.24 53.5 July 2003 August 2005 January 2010

Table 2. Results of thermal conductivity tests at the three sites.

Energy Center of Wisconsin 10
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MODELING

One key objective of our research was to go beybedctual operation of the building and compare it
operation to other hypothetical desigh and cordiraitegies, including conventional (non-GSHP)
systems. Another objective required the developroEualidated models for use by the engineering
community. These objectives required computatiomadiels of these systems to compliment the
collected data. These models capture the full djperaf the three systems, from the detailed hegadimd
cooling loads on the buildings, to the operatiothef hybrid systems to meet these loads, to theczoic
impacts of the installation and operation of thetems.

HYBRID GROUND-SOURCE SYSTEM

Models of the HYyGSHP system were constructed iermta make meaningful, direct comparisons. The
HyGSHP plants from each site were modeled in TRNEM&ansient SYstem Simulation) using both
off-the-shelf and custom components. TRNSYS isfavaoe tool composed of a library of components
that are connected together to model transienésystKlein and et al. 2006)The component models,
which are described below, were configured accgrtireach of the actual system installations as/sho
in Figure 2 and Figure 5 above.

Ground Heat Exchanger

The ground heat exchanger (GHX) considered inah@ysis is a vertical GHX with U-tube piping. The
thermal interaction between the fluid and the gobisnsimulated using the duct storage (DST) motial o
vertical GHX field (Hellstrom 1989; Type 557a in NBYS). This model, which is one of the more
widely recognized borefield models, was previoustfuded as a TRNSYS component model. The DST
model calculates the ground temperature usinguperposition of three separate heat transfer
calculations:

» aglobal solution accounting for heat flow awaynirthe borehole over months or years,

» alocal solution accounting for heat flow on shotiime scales near the bore hole,

» and a steady flux solution accounting for the stedistribution of heat through the sub-regions
near the bore hole.

The local and global solutions require implementatf a finite difference method while the steady f
solution is an analytical model. The combinationhafse three calculations accounts for the heasfiea
between the fluid in the pipe and the ground nleawpipe as well as the effect of neighboring bale
on each other. Prior successful calibrations peréat on this model have demonstrated its effects®ne
(Thornton et al. 1997, Shonder et al. 1999; othditsis project goes on to complete a validation
specifically of this model component, based on caxispn to entirely empirically gathered data at the
sites studied.

® The model utilized similar methods, including soceenponent types, as the generic HyGCHP softwarduteo
that was developed previously under an AmericaneBoof Heating, Refrigeration, and Air Conditiogin
Engineers (ASHRAE) research project (Hackel, 2009&; goal of pursuing funding for this project wawvalidate
the work done under that project).
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Other System Components

COOLING TOWER

At Cashman and East CTA, a closed circuit codiavger (CCCT, often called a fluid cooler) is ussdaa
supplemental device. The CCCT component model (Blfiein TRNSYS) is based on a simulation
method developed by Zweifel et al (1995) to cowverdr operation across a wide range of operating
conditions. This type of cooling tower consistaafoil through which the heat transfer fluid flowster

is sprayed on the outside of the coil, leadingri@ergy transfer from the fluid stream to the apin@re
that is aided by evaporation. The fluid, now abadr temperature, flows into the building loop to
provide cooling. In this case the exiting fluid feenature is solved using a model developed by Alveif
(1995); in this reference Zweifel gives examplesudcessful comparison of this model to manufacture
data.

BOILER

At Site 3, a boiler is used as the supplementaicdeir he boiler model is based on manufacturerta da
(using Type 659 from TRNSYS).

HEAT PUMPS

Heat pump performance is modeled using a modebbasenanufacturer’s performance curves and rated
efficiencies. The equations derived from these esinelate unit capacity, fluid flow rate, and aéfiwy.
The model uses a modified version of Type 504 fidRINSYS; see Hackel (2009a) for detalils.

PIPING

The large amount of piping in a HYGSHP system meguinodeling of at least its thermal capacitance. A
input recall device (Type 93 in TRNSYS) is usedhis case that simply stores the value of fluid
temperature for one timestep. At 15 and 30 minntegteps in these three systems (used in both our
studies and the public distributable version ofrtiael) our tests show that this produces accuestdts
with less computation than a full pipe heat transfedel.

Controls

Controls for the hybrid system are based on thgahcbntrol sequences used in the three buildings
studied, coded as custom-built controls componentikRNSYS (modified minimally for TRNSYS
capabilities). Descriptions of those sequencedediound in théuildings section above; possible
improvements to these control sequences are givilreResultssection below.

BUILDING MODELS

In addition to the system models, we also constdiotodels of each building in eQUEST. The loads
from eQUEST were used to drive simulations in TRI$Sthe heat pump coils served as the dividing line
between the two softwareghis decoupled approach has been proven succésshhier situations
(Thornton, 2005, etc.). Building models were neetdet)) allow comparison of HyGSHP to other
systems and climates, 2) create weather-normalieats for the models, and 3) determine how the
building is being used as compared to its design.
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We calibrated the building models using extensilected data so that the loads on the HyGSHP msyste
accurately reflected those during the study pefidids was especially important because the restilts
this study rely on a mix of conclusions based eitfoéely on calculations of measurements or saaly
simulation of hypothetical cases. Building modetyevcalibrated primarily to match measured energy
consumption of building components, especially ¢d¢AC component (while the “plant” side in
eQUEST was set up to provide measured temperaduresy calibration). Secondarily, and in support of
the primary objective, schedules and operation walibrated to the extent possible.

To ensure an appropriate, accurate calibrationpmgess followed the Measurement and Verification
Guidelines: Measurement and Verification for FelErergy Projects (FEMP, 2008). Per this guideline,
the building models were created for each buildisipg all the information available from a full st
construction documents, walk-throughs of each Ingldand interviews with staff. Actual weather data
from the study period was gathered from local weasitations and used in the models. We then
calibrated the models by varying the remaining rheddables (infiltration, window u-value, occupanc
etc.) until energy consumption of the building miodas within 15% of measured data each month, and
annual energy consumption was within 10%, as reduiy the FEMP guideline. We were also able to
come close to this quality of match for peak demassdvell as the annual breakdown of lighting, plug
loads, and HVAC equipment, which was measured attak other than Tobacco Lofts. At Cashman,
where the model is more complex, and more compdexrals analysis was conducted (see results
below), the comparison was taken further to obddileast an approximate match of hourly trends on
typical days including lighting, HVAC unit operatipand plug loads. Once calibrated, these modais we
used to produce loads which were used extensivelgrfalysis of the HyGSHP systems using the
TRNSYS models.

In addition, we converted the building models te o®re conventional HVAC system types for the
economic and emissions comparisons between HyGGBHRP and “conventional” systems. The
conventional system assumed for the two coolingidatad buildings in Nevada was a hydronic VAV
system (with boilers and chillers). The conventl@wstem assumed for the heating dominated building
in Madison was a water-source heat pump systenseltepresent the more conventional approaches
considered by the owners and design teams in emeh ©f course these systems could not be modeled
with our ground-source heat pump model; hencedhised eQUEST models were used but carefully
compared, component by component, to the TRNSY Sfaodihe conventional systems were modeled
based on ASHRAE 90.1-2004 (the reigning energydstahwhen they were designed), with some
improvements.

® A more common conventional system in Wisconsimfiany multifamily buildings might be considered a
packaged air conditioning unit (with gas fired he@his is not feasible in all multifamily buildisgand was not a
feasible option for Tobacco Lofts due to historje@sthetic, and special issues. Cursory analgsissthat these
packaged systems are approximately as efficieatveater-source heat pump system, depending vesjihea the
ratio of the price of natural gas to electricitgr(fuch higher natural gas prices, the water-solieet pump is more
cost effective; for lower natural gas prices, thekaged system is more effective).
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Improvements were made to recognize that the désamns in each case were willing to make some
highly cost-effective improvements even if a growodirce system couldn’t be achieved. These included

Boilers: Tobacco Lofts: 93% efficient condensing boilers
Las Vegas buildings: 83% efficient forced draft boilers
Duct and fan design: 15% improvement in fan power required, for all buildings
Energy recovery: Tobacco Lofts: same DOAS with energy recovery as in HyGSHP case

All non-HVAC components:  Modeled as-built; identical to the ground-source simulations
(including lighting, envelope, etc.)

ECONOMICS

Economic models were built in basic spreadsheatsrisider a wide array of economic factors and
scenarios. Pieces of these models were also cotestrin TRNSY'S to facilitate life-cycle cost
optimization of these systems within the TRNSY Siemnment. All economic models relied on federal
life-cycle costing principles, as discussed later.

Energy Center of Wisconsin 14



Hybrid Ground-Source Heat Pump Installations June 30, 2011

VALIDATION

To create confidence in the results of the hyboichgonent and system models, both for this anddutur
applications (including the distributable versidrthe model) the models were validated. Validation
began with key individual components, and transéibto full system validation.

GROUND HEAT EXCHANGER MODEL

The key component in all three systems studiekddsZHX—it has the highest first cost of any
component, and transfers a large majority of thergnin the system. Prior calibrations performedten
DST model had demonstrated its effectiveness (Shogidhl, 1999; Thornton et al, 1997); in those
studies the ground properties in the GHX were catlénl in order to achieve the best match betwesn th
modeled heat pump entering water temperatuie;{Tand the measuredd;,. Our study utilizes
independent in-situ measurements of all groundguta@s in addition to empirical performance date(s
theMonitoring section) to allow for an indication of the qualitf/the results from the DST model as
compared to independent measurement.

For Cashman, validation was completed four sepéirats, once for each of four borefields. Change in
temperatureT) across the GHX was used as a metric, with flodl imput temperature used as inputs.
Prior to comparison with measured data, the medsiata had to be cleaned of instances ramping flow.
Ramping flow was problematic because the instaotandata collection at Cashman didn't allow us to
characterize what was occurring during times whemgs were ramping up and down (luckily such
transition periods were infrequent in Cashman’saipen). For the resulting data set, modeled
temperature change followed measured temperatuyechasely, and error was both within the
uncertainty of the temperature measurement, aridnatite range of what is acceptable to a desigher o
GSHP systems. Specifically, mean bias error (MBEeasurement of the average error across all data
points) for this comparison averaged (°B3cross the four fields. An example of the qualitthe

match is shown in Figure 7 for one of the fieldse ™BE for each of the four fields is shown in TeaBl
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Figure 7. Modeled temperature change versus measured temperature change, across Field #4.
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Error for Modeling of four GHX
Fields at Cashman

MBE (AF)
Field 1 0.32
Field 2 0.16
Field 3 0.29
Field 4 0.11
Table 3. Mean bias error for each of the four GHX fields measured at the Cashman site, as compared with

DST modeling.

This validation was also performed at the Tobaaafisl Here, the initial comparison as performedvabo
resulted in a plot with very little scatter, buslape closer to 0.7 than :0neaning that the model was
overpredicting GHX performance significantly. Thé8H was 0.9F; somewhat large in comparison to
measurement uncertainty (though possibly stilleaable for some design purposes). There are a few
reasons-other than an inaccurate model, which is unlikelg tb the lack of scatterthat the model is
overpredicting performance. First, there was atsultial seven-year lag between the thermal
conductivity test (of a single bore) and the ititia of this study. It is possible that the tesswa
performed at a time and place with abnormally lggbund water flow or some other localized
phenomenon affecting thermal propeftid&here are also factors in the installation ofgjstem that can
lead to abnormal performance; the most likely calmeng a flow imbalance and/or voids in the girogiti
of the u-tube (both leading to reduced heat trajpgfénally, in the five years of operation of tB#1X, it

is possible that some phenomenon has changedeimeahproperties of the ground somewhat (research
into long-term changes of GHXs is still in its infgy; there is little for us to lean on in this redja

To account for this, the ground properties werécated, to see what the effect would be on themat
The calibrated conductivity was 60% of the measwedde and resulted in a decrease in MBE to just
0.2F (see Table 4). But note that in both the ‘Meadused ‘Calibrated’ property cases, the modeled
values follow the measurements closely (as showhersystem validation, Figure 9). It is most likel
that one of the phenomena described above is gatigrlarger error shown in the ‘Measured Values
case, as opposed to a model that is inaccuratéetebof 40%.

Conductivity Heat Capacity

(Btu/hft-F)  (Btu/h-ft3>-F) MBE (AF)
Measured Values 2.02 39 0.9
Calibrated 1.20 24 0.2

Table 4. Ground properties used in the model and the resulting MBE when compared with measurements.

A much more detailed explanation of the full GHXidation effort is described by Pertzborn (2011).

CASHMAN SYSTEM

Prior to completing a full system validation foet@ashman system, a couple other component models
were validated individually. The closed-circuit ting tower is another key component in the system t

8 High groundwater flow is very likely at this sitehen considering the local hydrogeology and abnodaf
groundwater, and the fact that the tested condtictralue is at the very high end of published eslfior sandstone.
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validate. At Cashman, there are two cooling toviezarallel; both were validated simultaneously.
Temperature change across the device was agairagsethetric, with input temperature and flow rate
based on measured results. The mean bias erroe ebmparison (in Figure 8) was ‘E3somewhat
higher than that in the GHX, but still acceptalded model used for either design or the type of
economic analysis being considered here.
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Figure 8. (a) Modeled temperature change across the cooling towers versus measured and (b) the same data
plotted vs. time for one specific week in mid-summer.

Based on prior validation studies (Zweifel, 1996 cooling tower model was expected to reprodbee t
measured results with better accuracy. One cauge afisagreement is that prior studies focused on
comparing the model to manufacturer data rather fletd data. Manufacturer data do not account for
sub-optimal operational factors such as fouling #nedefore over-prediction of the actual perforneaisc
not surprising. In addition, as in the case of 8T model validation, the use of instantaneously
measured data leads to at least some error: thepéad is measured instantaneously every 15 mjnutes
and those measurements are used across an entiniaut® timestep (rather than using any averaging).
The air flow, therefore, is generally greater ia thodel than it is in reality and the heat tranisf@ver-
predicted (the towers ramp up quickly, so they dpmost of their time ramping down).

The piping in the system also requires some attenfio allow us to complete a broad range of aealys
we were hoping to be able to effectively model steay with 15-30 minute timesteps; in this timeframe
the piping (and the fluid it contains) could prowisignificant thermal capacitance. Capacitance was
modeled using various estimates for the size opthieg and the fluid contained, as well as one
simplified approach that assumes capacitance syalwqual to the amount of fluid that flows through
the heat pumps in one timesteln this case, all of these methods resulted semtially identical results.
The simplified approach was therefore used in tbdeh

With key components validated, we connected thepooants and modeled the hybrid system, with
controllers being used to mimic the control seqeeariche system as closely as possible. We uged T
as the performance metric. For Cashman, the modeided all borefields, fluid coolers, piping, pusnp

° Called ‘Input Recall’ in TRNSYS.
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and all other associated distribution equipmergufg 9 shows the results of this validation; theleted
Thp.in follows the measured value closely, with an eafdess than ZF at the peaks. Note the one week in
plot (c) in which the modeled temperatures stojp¥dhg the measured data; this is a good example of
the difficulty of using the model to exactly mattie control sequence used at Cashman .

[}
o

95

90

o] (0]
o (4]

Temperature (F)
~
(6]

~N NN
N & o
|

o

Temperature (F)
o 51 ~

o
<))
L

[
~

o
N

60

+ Measured
+ Modeled

~
(<)
L

-
N
.

72

70 *s
65
» Measured
60 + Modeled | |
55 T T T T T T T
7112 8/31 10/20 12/9 1/28 3/19 5/8 6/27
9
N . 88 .
= 86 E
oo s i 4 .
’W‘% g i” 7 c™ £ /.
. ? ¢ N L 2
I WEYE f}:@.fwi\
VL SV AW NS
A v (5] N M
v 578 - of
o

* Measured
+ Modeled

12/7

12/8

12/9

T
12/10

T
12/11

Time (hrs)

T
12/12

T
12/13

12/14

70

5/21

5/22 5/23 5/24

5/25

Time (hrs)

5/27 5/28

Figure 9. System validation results for Cashman for three different time spans: (a) a broad span covering
heating, transition, and cooling, (b) a week during the heating and (c) a week during the cooling season.

The heat pumps themselves were outside the scdpe @fashman validation. The lumped heat pump
model being used is basically a tool to calculaeeG@OP of transferring heat between building aog lo
loads, based on curves for water and air tempexafinere is no need for consideration of indivichedt
pump size or instantaneous capacity. As this ahergesearch shows, there is large variation just
between operating performance of differebut supposedly identicalunits, as well as between those

performances and AHRI ratings (d8eat Pump Operatiobelow). Attempting accuracy beyond that of
using rated COP for this level of modeling is thiere not useful.

TOBACCO LOFTS SYSTEM

Validation of the Tobacco Lofts full system proceddimilarly to that of the Cashman system. Thas w
done using the loads in the building as the onpyinand so included the heat pump model in this
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instancé’. The results of this validation are shown in Fegib(a-c); we trackedy;, closely to
measured values throughout the year, with errsirofiar magnitude to the Cashman case.
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Figure 10. System validation results for Tobacco Lofts for two different time spans: (a) a span covering
heating, transition, and cooling, and (b) a week during heating and (c) a week during cooling season.

EAST CTA SYSTEM

Issues with data collection at East CTA pushedithimg of this data beyond that of our validatioon.
Therefore East CTA was not included in validatiffiorts.

With our models validated to a reasonable extehésat the component level, and all pieces at the
system level), both components and models candafos broader studies of these systems. These
models (in the form of the HYyGCHP distributableh edso be freely used by the public for further
general research or study of system designs faifgpbuildings.

9 The GHX in this model was simulated based on catiétdl properties; see tl¥ound Heat Exchanger Model
section above for a discussion of those propestieswhy we are considering them here.

Energy Center of Wisconsin 19



Hybrid Ground-Source Heat Pump Installations June 30, 2011

ECONOMIC AND OTHER ASSUMPTIONS

As technically complex as the operation of hybgistems is, one of the largest challenges in making
conclusions about optimal design and control issttenomidnput that is required, specifically cost
information (cost data is notoriously difficult e@mpile for building components). Therefore we made
gathering cost data a specific task for this prtojdte started by assuming that the most relevaaliysis
for this study would be one that considers a hygtithl decision that needs to be made in the ptesen
therefore our analyses use 2010-dollar costs amdrdieconomic data, current emission rates, and
average weather (as opposed to using costs argctish time, historical weather from that yeac,. et

INSTALLED COSTS

Installed costs for the full HYAC systems were lihpgmarily on bid costs observed in the actuahare
where the three installations are located (inclgdive bid costs for the actual facilities studigsiiX
costs are used along with other unit costs in aptimg the systems, as well as in scaling costs &etw
HyGSHP and GSHP systems. Those costs are giveahile b.

Las Vegas Area

HyGSHP system incremental to conventional hydronic VAV ($/ft?) 3.9
Installed GHX costs ($ / installed foot of bore) 11.9
Madison Area

HyGSHP system incremental to conventional WSHP system ($/ft%) 3.6
Installed GHX costs ($ / installed foot of bore) 15.6

Table 5. Installed cost assumptions for economic analysis.

Economic sensitivities were then done considetirgeffect of other costs observed nationally. The
sensitivity data were compiled from a large ranfygoairces, including the sites themselves, other
recently recorded projects, recent surveys of aystest for various applied research projects (iticlg
Michaels, 2008 and Hackel, 2009b), and a colleabforost data currently being compiled by Dr.
Kavanaugh (pers. correspondence, 2010). This edatisl plotted in Figure 11 for full system costd a
in Figure 12 for just GHX costs. Each point plottegresents a cost recorded for one project; theisds
are simply plotted in order of increasing cost.
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Figure 11. Nationwide cost data for conventional and GSHP systems, plotted in order from lowest to highest
cost.
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Figure 12. Nationwide cost data for GHX installation, plotted in order from lowest to highest cost.

Of course every building and site is different f@iént labor rates, system complexity, etc.), dvad t
leads to the large range of different HVAC cost®ss projects. Therefore this is not a large enalaga
set to use for the purposes of fundamental maédsstarch, but it is useful for the economic comparis
being done here. Any single set of points betwhesd two lines should not be compared (as thegyatre
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necessarily from the same building), but at a hidgneel it is worth noting the relatively constant
incremental cost between conventional systems &tdRGsystems, on the same order of magnitude as
the $4 incremental cost identified for the Las \&egad Madison buildings.

We also needed costs for supplemental equipmefiici8at data for each location was not available.
Instead, costs for each supplemental device wesedban average costs from a mix of RS Means
mechanical cost data and installation costs froteagt three similar equipment installations. Tostc
data for heat pumps includes materials and labrdhfounit installation. The cost data for boilarsl
cooling towers includes materials and labor fordbeice plus all piping and valves directly servihg
device.

Boiler ($/MBH) 21.7
Cooling tower ($/ton) 252
Heat pumps ($/ton) 1380

Table 6. Supplemental device costs assumed for economic analysis.

In addition to the variable costs listed abovedoiters and cooling towers, the quantities of this
equipment needed are small enough to also corsifileed cost; we based this on RS Means 2009 data.

ENERGY RATES AND OTHER INPUTS

Utility rates for the study (including all previogsst savings estimates) were taken from actuélyuti
rates paid by the owners of each site. Theseyutdies are summarized in Table 7.

Tobacco Lofts - Tobacco Lofts

Cashman East CTA Residential House
Electricity Customer Charge  $/month 211 215 9 36
Cons., off-peak $/kWh 0.057 0.057 0.139 0.079
mid-peak $/kWh 0.078 0.074 0.139 0.079
on-peak $/kWh 0.104 0.098 0.139 0.079
winter $/kwh 0.064 0.060 0.128 0.068
Demand, off-peak  $/kW 0.000 0.000
mid-peak  $/kW 1.900 2.400
on-peak  $/kW 13.79 16.83 10.76
winter $/kwW 0.35 0.50 8.76
Ratchet $kW 3.10 3.36 2.50
Gas Customer Charge ~ $/month 150 125 10 19
Consumption $/therm 0.80 0.80 0.97 0.83

Table 7. Utility rates used in all energy cost calculations in this study.

Maintenance costs were included in the study tevdmme demonstrated savings from using a GHX in
place of boiler and cooling tower equipment. Redearas shown a wide range of different potential
savings (and in some cases, penalties) from thigradge. In a thorough search we found only fo®. U.
studies from the last ten years directly companiaintenance costs in similar buildings with ground-
source systems and conventional systems. Thegesdemonstrated annual savings from those studies
was $0.10/f this is the value we assumed in this study. Adtbf this benefit was taken away for
calculating savings in hybrid systems, since tiesme conventional equipment to maintain. We als
needed to consider typical water costs for balanttie inclusion of cooling towers, relative to athe
options (a significant amount of water is evapatatecooling tower operation). In this case, waiests
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were assumed to be $4 per 1Gmftwater consumed, at the upper end of the ratetstes for the Las
Vegas Valley Water District.

One additional economic factor is replacement st conversely, salvage benefit). The differeates
of equipment used in these HVAC systems have diffieexpected lifetimes, so equipment replacement
costs must be factored into the life-cycle costdifidnally, since the period of economic study minest
finite (in this case 20 years) there is often vakmaining in equipment at the end of the studjopler

the salvage value of the equipment. To determiaéntipact of these factors, the costs above must be
applied using typical lifetimes for each piece glipment. Equipment lifetimes are based on ASHRAE
published data (ASHRAE 2007). Rooftop equipmehitjers, and air handlers are given a lifetime 5f 1
years, residential furnaces are expected to lagedss, and heat pumps are expected to last 18.year
The GHX is expected to last the life of the buigli0 years is used here). All other equipment is
assumed to last the 20-year study life.
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RESULTS

Our study had a broad set of goals aimed at advgrie understanding of effective HyGSHP operation.
The study resulted in the creation of data and isadeaid the industry in analyzing hybrid optioBsit

the study also included documenting some speefisdns learned from these systems and their
designers. And finally, with the substantial benefihindsight, we can look at the design and dijxana

of these systems and determine ways in which fyitogects may be implemented even more effectively.

OPTIMAL SYSTEM SIZING

Use both energy modeling and established best practicesfor sizing the plant components, taking

extra carewith building load calculations. All HVAC systems are sized using building loadst téiee
based on broad assumptions regarding the constnyciperation, and environmental conditions that a
building will be exposed to. In a hybrid system Key components to be sized include the GHX, cgolin
or heating supplemental device (e.g. boiler, cgplower), pumps, and heat pump equipment. The GHX
has the highest incremental first cost (per cappoftany of these components. Therefore, in tlvases

it is most cost effective to purchase a GHX thatt loa used to its maximum potential for both heasind
cooling, keeping the utilization rate of this expime component as high as possible. The remairéagg
can then be met by the supplemental device. Feetteasons it is economically optimal (as suggdsted
Kavanaugh 1998, further shown by Hackel, 2009a)ze the GHX for the smaller of the heating/cooling
loads, and to use the supplemental device forehmainder of the larger lo&d This can result in
substantial economic savings over traditional G®iiR-systems and is the largest economic benefit of
the hybrid approach.

For all HVAC systems the actual loads end up varyiom those assumed when sizing equipment. As a
general practice, the designer errs on the side@fsizing equipment since a failure to meet sigaift
loads is generally considered worse than the auditicost of oversizing. But the additional cost of
oversizing is substantially higher with any growsalirce system for two reasons: first the first ofst
ground-source systems is substantially greaterd¢bamentional equipment, and secondly, the pumps in
these systems generally have a limited abilityito-down, resulting in poor system operation ifythee
significantly oversized. The hybrid approach suliédly mitigates the first issue in two ways: 1) i
substantially decreases the size of the GHX, arida®pws the safety factor for the critical oftltwo

loads (heating or cooling) to be applied to thepdaimental equipment, allowing for a minimal safety
factor on the GHX.

But designers must still take care in right-sizing components in these systems to avoid unnedgssar
large first cost. In the three systems we studheglfotal plant capacity (including GHX and suppéeral
equipment) was indeed oversized. This is somewtidért from observed operating temperatures; at
Tobacco Lofts, for example, tldesignoperating temperatures of the system wef& 32the low end
and 90F at the upper end; the system is actually seeimpératures range betweeriR#and 88F, with
the supplemental boiler not being used in any sultisi manner in the past year (see Figure 9 aguk€i

" Though this statement summarizes the establisasid btrategy for sizing hybrid systems, thosergsted in
learning about sizing should read the two referest®wn here in more detail. Also, refer to Kavayaud 99 7or a
more detailed sizing algorithm for hybrids thab#&sed on the popular methodology in the ASHRAE fgagibns
Handbook.
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10 for plots of these temperatures). At Cashmand#sign temperatures weréB@nd 96F; the system
is operating in a range betweerfl8and 90F, with the cooling towers operating less than 15%e

time during the cooling season (a fraction of whias planned). The same story is occurring at E&st, C
where temperatures are ranging betweéf @dd 96F and one of the towers has negligible run time.
Considering temperature ranges alone does not aldow identify oversizing, as controls often allthe
temperatures to drift higher and lower than whatglant is capable of providing. To determine the
degree to which the plant capacity is oversizesl aittual building loads were used to optimize thess
(and at the same time, control settings) of thepmmants, based on finding the lowest life-cycle fmis
the systerif. Table 8 demonstrates the optimal sizes of thewent at each of the three sites as
compared with the actual installed sizes.

Ground Heat Exchanger Supplemental Device

Actual Optimized Actual Optimized
Cashman 144000 ft 86000 ft 500 tons 430tons
East CTA 168000 ft 92000 ft 333 tons 400tons
Tobacco Lofts 10900 ft 7400 ft 199 MBH 300 MBH

Table 8. Optimal sizes of eqiupment compared with actual installed sizes.

Note that in all three cases the GHX size is sigaiftly larger than the optimal case, but in twahef
three cases the supplemental device (boiler orfagismaller than the economic optimum. This shows
that the overall capacity of the system is notea®off optimal as the GHX numbers suggest, buterath
simply too much of the capacity is shifted to tHe>G This reflects the fact that the supplemental
equipment in these cases was sized arbitrarily & Bast CTA it was simply 20% cooling tower) dae
a lack of design and optimization tools. This oizng resulted in substantial increases in botHfitisé
cost and life-cycle cost of the equipment. Thedifele cost impacts will be discussed in depthin t
‘Life Cycle Cost Comparison’ section. The impactfiwst cost is fairly straightforwardalarge increase
in first cost is shown in Table 9 for not rightisig these systems. Hybrid projects can avoid thests
by taking more care not to oversize the buildirgsls (a very typical design problem, with atypigall
large consequences in ground-source), and usietpilet! algorithm/tool for sizing individual
components (see Kavanaugh 1998, tools like TRN®Y 81eHYGCHP Tookection below).

Total first cost  Total first cost

Suppl. device savings for savings for
GHX optimized  optimized optimized optimized
savings (9) savings ()  equipment($) equipment ($/ft°)
Cashman 690200 17640 707840 3.5
East CTA 904400 -16884 887516 3.5
Tobacco Lofts 54600 -2192 52408 0.9

Table 9. Cost increases due to oversized equipment.

12 The actual loads used in this optimization wermioled from a combination of measurement and Gttior
models. Optimization throughout all areas of thigjgct was accomplished through a combination o&br
parametric studies and use of the GenOpt softwaidtér 2010), which allows for a computationallfi@ént
optimization of computer models such as those itNSRS.
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One primary reason that finding an optimal sizetfier GHX and cooling tower combination is so

difficult is the fact that the capacity of this égment changes for each hour of the year. For dloirg

tower capacity is dependent on OA temperature emgl temperature, and for the GHX it is dependent on
both loop temperature and the thermal storagerfiisficthe ground. As an example, at Cashman during
the hottest portion of the cooling season, theingdbwer is providing a substantial portion of tieat
rejection (the same order of magnitude as the GHxgure 13 demonstrates this during a few days in
mid-summer. However, note that at the same sitantheal heat rejected by the cooling towers is 842
MMbtu, while the annual heat rejected and absolyeithe GHX is 4984 MMbtu.
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Figure 13. Sum of energy flow (the two series are stacked) during a few summer days at Site 1, both heat
rejected by the GHX and by the cooling tower.

Consider use of 8760 load calculations for sizing whenever possible. For the reasons above there are
significant benefits in sizing systems using ho(i®760’) loads calculations, rather than the sienpbak
heating and cooling load calculations used to si@st conventional HYAC equipment. When coupled
with a quality model of the GHX, these hourly (eea sub-hourl}?) calculations allow for full
accounting for the ground’s thermal storage effdotsal temperatures, and changing loop tempermture
(not to mention transient components in the bugdsuch as thermal mass). There are beginning to be
more tools available for using hourly loads foiirgiz(including TRNSYS, EnergyPlus, HyGCHP, and
eventually, eQUEST). These tools are much more Goatpd than standard peak load calculations, so it
is still a good idea to conduct the peak load datoans and understand the differences in the two
method$’, so that the most appropriate size can be cayefalhd safely-chosen for the various
equipment in the system.

13 Further refinement is gained from going to 15 @md@nute timestep in analysis of the GHX and ogilant
components; we used this approach in our study WRNSYS. Other programs also have this capability.

4 Hourly (8760) load calculations using energy madgesoftware often use TMY (typical meteorologigahr)
weather. It is worth noting that the peak hourhaf TMY data for these two sites is slightly moréreme (between
3-9°F) than the ASHRAE recommended design temperatbesed on Standard 90.1-2007).
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PUMPING

Pumping design and control is important to HyGSEIRI(GSHP) system performance. If just HVAC
“plant” energy consumption is considered, pumpirakes up: 7% (0.4 kWhfjtof the system energy at
Cashman, 12% (0.4 kWHftat East CTA, and 21% (0.8 kWHjfat Tobacco Lofts (see Figure 26 for
more details). A few lessons were learned for kagpuch numbers low on HYyGSHP projects.

Focus on reducing installed pumping power throughout design. There is no single perfect pumping
system for any large GSHP systefrrhallenges include very large swings in pumping alean
decreasing GHX capacity at low flow, and long pipes. One robust piece of guidance is to focus on
keeping the required pump power low throughousi@lps in system design. One definition of low is
Kavanaugh and Rafferty’s (1997) grading scale tonping design in which 5 hp per 100 tons (of peak
block load) is seen as a best achievable level7ahtp per 100 tons is considered a good tardpt. T
three sites we studied demonstrate the challentieosé targets: peak pumping power is 11.9 hp/ag¢ t
of peak block load at Cashman, 16.9 hp/100 toEsst CTA, and 23.5 hp/100 tons at Tobacco Lofts.

The design teams in the three projects were suct@skeeping power as low as they did by focusimg
most of the following strategies:

» Design piping system to attain pressure drops bel¥eet through the GHX and below 60 feet
for the system. Some of the following techniquesifoon this sub-goal.

» Use larger borehole piping when flow rates and fiecesize allow. The Cashman and East CTA
sites used 1.25” piping . Larger sizes are avaléReynold's number should be calculated at
typical expected flow rates to ensure turbulencerimmim flow does not need to be turbulent).

» Increase pipe header sizes running to and frorbdhefield. Here turbulent flow is not a concern
(all three projects we studied were sized to meetécommended target of 1-3 ft of head per 100
ft of pipe (Kavanaugh 1997)). For smaller systeikes Tobacco Lofts, the borefield can also be
located close to the end of the heat pump loopghvieéduces header length.

» Decrease valving and connections wherever possiltie borefield. Specifically, the designers
of East CTA and Cashman no longer use balancingsain projects; if the borefield is designed
for balanced flow there will be no negative effe@snilarly, extraneous valving and fittings
should be avoided at the heat pump unit itself.

» Consider avoiding or at least minimizing antifreeeCashman and East CTA, ground
temperatures are high enough that fluid temperatworild never approach freezintherefore
antifreeze is avoided and pump power is kept loMardeling studies (Hackel, 2009a) have
shown that in many cases the total LCC of a hyllygstem may be significantly lower if the GHX
is designed to a much lower minimum temperature(ofequiring antifreeze), allowing the
GHX to be much smaller. The first cost savings assgs the energy cost penalfgain, it
depends whether the goal is to save energy onachie economic optimum. In any case,
required antifreeze concentration should be caledlwith care.

* A de-coupled primary/secondary configuration fax @HX/Supplemental loop was used for all
three projects we studied. They found that pumpegsameuld be reduced by sizing one pump
specifically for the building heat pump loop, armzlrgy different pumps for the GHX and
supplemental devices. (Note in discussion belowttiia had some undesirable effects on part
load efficiency, but with the right design could d&e effective method).
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Designers also reported that designing for pumpffigiency had other benefits as well. For examibie,
hydronic systems are generally simpler to inskallance, and purge, and as a result cost les®uop fr

Independently pump small, irregular zones. At Cashman, only one small zone (the 24-hour Scur
office) is occupied on many nights, weekends, asidiatys. This one zone requires that one of the two
large building pumps be left on. Associated enevggte is mitigated by the fact that the circuivsey
the Security office only has a 7.5 hp pump, whifortunately designed for excellent turndown (the
other circuit is 40 hp). A similar situation ocoedrat East CTA, where the domestic hot water heat
pumps required after-hours operation to maintaimpteratures in storage tanks or for nighttime clegni
needs. Because these water-to-water heat pumpizatereasonably large to meet peak conditiony, the
require a proportional fluid flow to be on afteruns. The design and operation team is currentlkingr
out a solution to this problem. Energy savingsremetremendous for this improvement (on the order o
$500-$1,000 in energy cost for each of these ttmsons) but the savings in maintenance and
equipment is likely larger if a small independeuninp is able to be run in place of the large bugdin
pump during these hours. If one or two of the senalbnes in a large building are driving the system
operate when all other zones are off, considerdeddently pumping those zones.

Part-load pumping power must be a focus of both design and operation of the system. Efficient part-
load control of pumping can be even more challemgivan peak load design, but it is (arguably) more
important. At the sites studied, the limitationspart-load performance are due to a variety ofaess

* Pump oversizing, leading to limited turndown dug@tonp curves and VFD limitations
» Limitations placed on VFD controls (both necesyaiid unnecessarily)
» Concern over laminar flow in boreholes

As a result, as load decreases, the pumping posveop increases fairly rapidly, as demonstrated in
Figure 14.

+ Cashman
- Tobacco Lofts|

Pump Power (hp/100 tons)

Part Load Ratio

Figure 14. Part load energy efficiency of pumps at each facility.

We can draw two conclusions from Figure 14. Fastwith the major plant equipment, the pumping
equipment performance at full load is of limitedoontance-most data points occur below 80% part
load. Secondly, the lack of any real variable sgmedping at Tobacco Lofts (there were VFDs but they
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were not functional) results in significantly wonserformance at part load; as would be expeetbdn
the clouds of low power operation at Cashman.

Even at Cashman, multiple improvements couldlstiimade to pumping design and operation. Firstly,
the variable speed building pump on the main bagdinly reaches about 42% speed at a minim (e
which point it is in or near “churn” at low loadsie to both controls and equipment selection (& we
designed VFD-driven pump should be able to reaéh 8peed). This results in unnecessarily high flows
of well more than 5 gpm/ton. The pressure difféediiAP) controlling the pump speed may be able to be
reset at low load to mitigate this problem (or jushed down all the timethe sensor itself may require a
relocation to achieve this). LowAP setting would allow the speed to decrease furBwgrin hindsight,

it appears that another, more effective solutiothis situation would be to use a smaller buildignp,

or a combination of two pumps such that a smallenp can be energized at part load.

Furthermore, the GHX pumps are set to be on alswgtnuously, only shutting off for a narrow
deadband of operating temperatures, and when righews are operating. Allowing for GHX pumps to
shut off and the borefield bypassed when fluid terafures are in a reasonable deadband (55 80
would yield significant savings as well. When temgtere is moderate (see optimal setpoints discafsio
the GHX pumps should be able to turn off. Usingnialel, we are able to determine how much
additional energy could be saved by the hybridesysf all three of these improvements were made: 1)
improving main building pump selection to peak@éfhcy of 72%, 2) using two pumps so that one is
running at peak load at approximately 50% fithvand 3) placing a better deadband control on tHX G
pumps. These would result in a total of $4,800 (40%umping energy) in additional savings per ydar.
similar level of savings could be achieved (apprately $4,000/year) by pumping both the GHX and
buildings using the same variable speed pumpsiragguthat pumps could be found that matched the
efficiency rating (mentioned above) even with thdidonal GHX pressure drop. Designers of Cashman
were wary of this approach because flow would ba&nar in the GHX at times; in hindsight the data
shows that the loop would reach this flow ratelésss than 4% of the load (and this flow would ocatur
such low load that reduced GHX capacity would bgligible to heat transfery.

At East CTA the pumping design is very similar (eeglittle more oversized), so we saw the same part
load inefficiencies discussed for the Cashman mglgumps (regarding the inability to turn-downgité
as well. This problem is exacerbated by the faat e chosen pumps have a very flat curve atdad |
(not uncommon for such high volume pumps). Thisl$e@® difficulty controlling and balancing the
system at low speeds; the differential pressurérolber has significant trouble maintainidgP in this
regime because 1) even large changes in pump spsdtlin almost no change &P due to the flatness
of the curve and/or 2) thisP gauge was not optimally placed. This issue list&ting investigated by the
operating team. In any event, turning down theding pumps to a reasonable minimum of 25% speed
would result in approximately $2,030 saved per ya889% savings in pumping energy). Adding a new,

15 The other building pump, serving the outlying Hirigs, is sized and controlled more appropriategching a
30% minimum with little room for additional savings

16 From examining pump curves it seems unlikely #mt one secondary pump size, such as the 50% medtio
here, will be near optimal in every building. Eagfique system and pump match should be analyzdetémmine
whether the smaller pump should be 40%, 50%, 66%0me other fraction of the load.

" Heat transfer rate in this laminar flow regimaisaverage of 7% lower than in the turbulent region¢he
Cashman GHX, according to the GHX model. With kbss 4% of the load being affected by this reduttbe
energy impact is very small.
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smaller pump to handle the majority of the hourgmthere are low loads would have a simiand
likely somewhat greatereffect.

At Tobacco Lofts the pumps are somewhat oversigeded, but that is not the primary reason for thei
inefficiency. More importantly they currently hame part load control. The GHX pump is constant-
speed, and never shuts off (due to on/off noiseptaimts from tenants). The building pumps had VED’s
but they are not working correctly and do not allany significant part load reduction (staff is liret
process of fixing this issue; but anecdotally thfie is often encountered in smaller facilitiéfsthe
ground-source pump were able to be shut down withieadband of 48 and%®€5(much of the summer)
we would save $920 per year. Additionally, if wéeefively change the building pumps from constant
back to variable speed, that savings increase$,898. And for a building and loopfield this sitieere is
no reason that the GHX cannot also be served hittlsame variable flow pumps; switching the entire
loop to variable speed pumping (with one ~60% puwm)ld increase the savings to $2,730 (a 49%
reduction from current pumping energy).

COOLING TOWER CONTROL

Configuration and control of the tower is alsoicdt to the performance of the system. Controlstrhas
used to continually determine when it is effectivaise the supplemental device instead of or itiadd
to the GHX. To get a clearer picture of these inmabe efficiency of the GHX can be considered
relative to that of the supplemental device. Heffigiency is measured as the heat rejection ocorgition
of the component per unit of energy consumed (JOR)umps, fans, and boilers. The relative efficien
of these devices can be compared as shown in Figuifeor Cashman, the GHX is generally, but not
always, more efficient than the cooling tower. tatingly, the performance of the GHX is substdigtia
worse when the cooling tower is running, due tofliiel temperature being depressed by the towet (an
low wet bulb in this climate). Additionally, as eeqied the tower is less efficient during periodkigher
wet bulb temperatures. Our optimization of the oantf the system depends on these tradeoffs.
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Figure 15. Efficiency of cooling tower operation vs. GHX operation at Cashman.

Choose variable speed cooling tower equipment, and ramp speed appropriately. The cooling mode
sequence currently employed at both Cashman andCE#s which is partially evident in Figure 15, 4ftr
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brings on the GHX in stages to attempt to meetddirng setpoint in the loop; when the entire GHX is
being used and the setpoint is still not met, tivget is able to come on. The towers begin at law fa
speed, and ramp up to full speed to maintain ttposd if necessary. They then ramp down together;
once they are off the GHX circuits are free to staff as well.

Ramping the towers up together is more energyieffiat lower loads than ramping one tower up tintil
is at full load; this is because the power consionpif the fans drops off at the cube of their sheehile
the performance of the tower does not decreasaiekly] This sequence is demonstrated effectively a
Cashman because the loads generally cause a larggtespike for both the towers to come on during a
summer day. If loads were slightly lower, or mon&erm, such as in East CTA, there could become
times when one tower is on without the other, whscbuboptimal. In fact at East CTA, one tower runs
for most of the summer months, switching betwe@&ndad high speed (they only have two speeds) to
meet cooling loads; a second tower only rarely cooreduring the maximum loads. Some amount of
additional energy could be saved by running botbwatspeed during much of this time.

Optimize the cooling tower setpoints; consider optimizing both during design and after some
operational experience. The optimal cooling tower “on” setpoint for thisqgeence (using the same
analysis process as discusse@jtimal System Sizihgt Cashman is 86 (as opposed to the design
setpoint of 9€F). The optimal setpoint at East CTA is’Bfessentially the same as the design setpoint).
Optimization also results in a fairly small deadthaionce the towers are able to meet the load and
temperatures drop back a small incrementR)-Below setpoint, the towers’ speed should be emp
down, and eventually shut off, reasonably quicKlyis differs from the design deadband on these
projects of about®. At Cashman, for example, this larger deadbasdlt®in close to an hour of
operation at part load after the building load teamsped back down. Optimizing the on and off setigoin
at Cashman results in a savings of $2,600 per(28&b of cooling tower energy; a LCS of $0.29!/ft
Due to the complexity of establishing these optisspoints and the large difference between predlict
loads (at design) and actual loads as demonsteattidr, it seems there is a lot of benefit in atijlg
and/or optimizing setpoints after some actual dpmral/load data is available. This can be donéhley
firm conducting the measurement and verificatiothefbuilding if applicable.

Check heat transfer direction in GHX during tower operation. In looking at the GHX load/efficiency
plots, we noticed that during some of the run-tohéhe towers at the Cashman site, energy is being
extracted from the ground and expelled by the tefeigure 16). This is inefficient, since signifita
heat pump operation occurs at these times, andde hess efficient by the energy extracted from the
ground. Even if the argument could be made thaGiH& requires substantial recovery hours in this
system (as in the precooling strategy), this isthetime to do so since ambient temperatures lzotie
rates are high during this scenario.
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Figure 16. Temperature drop across tower and GHX during cooling mode demonstrating that while the
tower is on, the GHX can sometimes be transferring heat in the wrong direction (extracting heat rather
than rejecting it).

This occurred for 140 hours in the year studied;anarge enough time to result in significant giyer
lost. But at Cashman there are only 450 hours ofiregp tower run time in the year, so this is ocigr
during a substantial portion of the towers’ openatiln a system in which the towers were used
significantly more (like a ideally sized systemg #tnergy penalty could be substantial. This is an
argument to either 1) monit&T across the GHX and bypass the GHX if it has Hmessign as th&T
across the building, or 2) ramp down the GHX udadependently of the tower usage (this control is
currently being added at East CTA, for example).

Consider additional research on cooling tower control. There has been one recent comprehensive
study of control options for cooling dominated hglsystems, conducted by Xu (2007), which we looked
to for additional possible improvements to thessteayns. Xu considered other, more advanced methods
for control of the supplemental device (beyond rairtiased on simple setpoints). He suggested that
optimization of setpoints did not result in subsiErsavings in many situations, and other nonvojzed
approaches may be more easily applied anyway. $6Xe’s methods used forecast control to
determine-at any given time-whether running the cooling tower was likely tos@&nergy based on the
forecasted impacts. But these were deemed too earntpimplement in any straightforward manner at
these sites. Other methods based cooling toweatiperon the current loads in a building, whiclmisre
straightforward than forecasting. One such iteratised the temperature chang&) across the heat
pumps as a proxy for loaghssuming that even in a variable flow system/Xhéncreases

proportionately with cooling load. Though more gjéforward, this method did not turn out to be
practical at either Cashman or East CTA becauseathable speed pumping arrangement did not result
in a simple relationship betwe&T and load. At Cashman, for example, loads of 3A&H, 1500
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MBH, 300 MBH, and 0 MBH all resulted in&&T of 4°F at various times. One other strategy suggested by
Xu seemed applicable to the cooling towers at téss. He proposed running the tower more often as
the system temperature increased. The controlsdagaltulate a rolling average ofifl;, over a week or

so, as this value increased, the setpoint fordiveit would be lowered to run it more often. A gether
equation was given for following this method. Tojgtion is feasible since these sites did exhiluitéase

in operating temperature as loads got worse.

The UW Solar Energy Lab will also be continuingstady cooling tower control in subsequent research
projects.

COOLING TOWER CONTROL, FOR PRECOOLING

One of the main reasons hybrids are used is tgatdiground temperature increase in hot climates.
Depending on building loads, this could includering the cooling tower while there are no cooling
loads in the building to “precool” the ground. hvéstigating this option, we first will discuss {pterm
temperature change in general. A discussion ofgatety control follows.

Long-term Operation and Temperature Effects

The addition of the supplemental device resultmdne balanced load on the ground around the GHX
meaning that the amount of energy extracted ichuasthe amount of energy rejectetthan would be
the case with a GSHP-only system. This affectcljide cost in a couple ways.

Firstly, the GHX does not need to be increasedzimt® account fofull degradation of borehole
performance over time; the resulting cost incrdesa a larger GHX is then avoided. For exampleg in
cooling-dominated system this degradation occucsitee the ground accumulates more and more-heat
on a net basiseach year, resulting in steady increase of theagieeground temperature across the field.
In year ten (many GHXs are sized based on 10-ygenation) the ground is significantly warmer them i
undisturbed temperature, and each borehole prolédssooling capacity as a result.

The other potential primary effect of more balangealind load is more constant temperature of thid fl
exiting the GHX. In this way hybridization can caukp;, to become less extreme, as shown in Figure
17 in which e is plotted for the first 10 years of operatioristhenerally would result in less heat
pump energy consumption. But other modeled cases demonstrated cases in which the optimal sizes
and control setpoints of these systems delivaipg, @t or near the limit of the system (which would be
30°F in the case of Figure 17). In this case the GSy#fem, not the hybrid, would yield more moderate
Treinand use less energy for most of the operatingsylgacause an unbalanced GSHP system only
reaches the temperature limits in the final yeaar@dlysis.
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Figure 17. Long term value of Ty, for Tobacco Lofts for both hybrid and GSHP cases.

Though optimal design of a HyGSHP naturally resimtsmorebalanced ground load, it does not
necessarily have to resultéompletebalance. In any system optimization with a fitiitetime a certain
amount of ground temperature change often resues for hybrids. For example in our study we
assume a 20-year timespan for LCC calculation/dpétion (similar results would be expected for 30
years). Economic optimization of this finite lifeté often still results in a moderate temperatuceciase
over the life of the GHX, such that eventually ystem would violate temperature limits. It is ased
that at that time, adjustments would be neede@ép kvithin the temperature limitsuch as further
increasing supplemental device run-time (a lesdylikater step may involve purchasing a larger
supplemental device when it is time for replacement

This runs somewhat counter to the strategy of agguthat optimal HyGSHP design/operation results in
fully balanced ground loads, but is remains coantistiith the finite timespans generally assumed for
system design. Anecdotally, most designs we hav&eglowith (by a broad array of designers) are also
designed based on that finite lifetime of only @0 years, even though the systems are planradtto
50-plus years. For design purposes this has bgaommate for a couple reasons. First, the tempezat
increases by year 20 are generally small anywamass of the long ter@AT occurs in the first few

years. And once timespans become as long as aecdeghdes, there is considerable disagreement
between technical theories as to the magnitudeeofemperature change (Phillippe, 2010), as no leode
have been calibrated over such a timespan. This &ea where future research is currently being
planned by major national stakeholders such as A&EjRvhen such results are more accurately
understood, all ground-source designs (and optiizs) may need some revision.

Precooling

Consider including a precooling sequencein your system; conduct analysisto ensure ener gy savings
for your specific building. Precooling-in this case operating the cooling tower during smnnights
(used at both East CTA and Cashmais)one method used to push the system towardsreeen
balanced ground loads. Even if complete balancinigeoground load is not necessary, it is posghué
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precooling could save energy or operating costtdd@wer nighttime electric rates and more favogabl
ambient temperatures (for tower operation). Prengphs implemented in these buildings, does this b
dropping the temperature of the GHX in the evenimgroving ground heat transfer during cooling
operation the following day.

There are a multitude of strategies which coul@mglied to precooling (Pardo et al. 2010; Jinggetrgj.
2009). Due to modeling challenges, this study nadetd focus simply on understanding impacts of a
subset of precooling strategies on life cycle dosig-term ground temperature, and energy consmpti
(a more exhaustive optimization of these strategi#glefinitely be an area of future research)rOu
precooling model consisted of operating the codlawger at night during days with significant cogjin
loads (i.e. the cooling season), and when the Ghtlbtemperature reached a certain setpoint #te la
time flow occurred? Cashman was used as the test case. There asefanate GHX circuits in this
system, so precooling only occurs in the circuiteme the setpoint temperature is violated. A broad
parametric study first revealed that precoolingleghto have lower life cycle costs when the towas w
operated in its more efficient part load state, ifupdecooling was only done for a fraction of thight
time. Initial setpoints were therefore set to 3@er fan speed and two hours per night of precgolin
Table 10 examines the effect of two parametersrecgoling: the time of night that precooling begins
and a threshold based on previous day’s buildiag that determines if precooling is used. A base ca
with no precooling is shown in Table 10 for compan. The threshold is used because we assume it's
only sensible to operate precooling with a liketiiaf significant cooling again the following dayhe
system is considered solidly in cooling seasoheffirevious day’'s peak cooling load (as a percertég
maximum) is greater than the threshold (shownthgii0% or 50% Load. In lieu of this threshold, a
knowledgeable facility manager could potentiallgtjgpecify whether they know the building to be in
cooling season. The effects of the threshold and-tif-night are demonstrated by: 1) system energy
savings, 2) change in ground temperature over afsyand 3) resulting life cycle savings (LCS).

Precool |Energy Savings (kWh) ATground (A°F) LCS (5)
start time | 10% Load | 50% Load | 10% Load |50% Load|10% Load | 50% Load
- 0 0 2.21 2.21 0 0
1 37,251 -9,950 2.13 2.21 1380 471
4 42,793 -17,349 2.06 2.18 1225 725

Table 10. Energy savings, ground temperature change, and LCS with different thresholds and start times.

For all settings, the ground temperature increase 10 years with precooling decreases, but thagiha
is not significant. There is a modest energy savamgd LCS shown, especially for the cases where the
threshold ofL0% Loadis used (as compared to a total LCC of about IDfor operating the GHX
pumps and the cooling towers that make up the glanipment). We looked even closer at the effect of
precooling start time, as shown in Figure 18. Nbteclear trend in increased energy savings asténe
time for precooling becomes later in the morninige TSHX is not a perfect thermal storage mechanism
for cooling—energy from the surrounding ground flows back talithe borehole over time, negating the

18 This is very similar to the precooling strategedist East CTA and Cashman, except that they videaa
continuously monitor the GHX temperature throughtbetnight to adjust precooling. Our models wereaapable
of this, but the end result is similar fundamentadind could be dialed to provide similar perforceuand
precooling durations.
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effect of the precooling. Based on the results shiovthese two figures, as the amount of precooling
increases, and as the start time becomes latiee imorning, there is a large reduction in energgas
and a slight reduction in ground temperature chamgeLCS.

Precooling Start Time
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Figure 18. Difference between the electricity usage for a case with precooling and a case without precooling
when the threshold is based on either the load or the time. Note that the usage decreases when
precooling occurs in the morning hours.

While the percentage threshold above is a methoddtermining whether the system is solidly in the
cooling season, a second setting is also used¢ondiee if a GHX circuit has become warm enough to
need precooling. We created a temperature setfgigtto investigate this control. If the outlet
temperature of the GHX during last operation isaggethan Fc, precooling is made available 8%
Loadthreshold is used). Table 11 shows the amountexfqmling, the energy savings, the ground
temperature change, and the LCS as this setporatiisd. When 3¢ is large, there is relatively little
precooling each year, but as the temperature desethe number of precooling hours increases. The
general trend indicates thatclshould be made relatively low (at least in the \/agas area).

'I;pc Precooling Energy Savings ATground LCs ($)
(°F) |hours per year (kWh) (A°F)

90 4.6 1,111 4.18 47
88 25 4,427 4.16 487
86 114 17,406 4.10 835
84 200 29,773 4.03 1756

Table 11. Number of precooling hours, energy savings, ground temperature change, and LCS with precooling
as a function of precooling temperature set point (savings based on a base case of no precooling).

Finally, an additional optimization was performéds time with precooling included and boundariets s
on control optimization based on the learningsudised above. Using these settings led to the sdault
Table 12. There is a significant savings associaittdprecooling (nearly 15%) as compared to a case
without precooling, but there is still only a motidecrease in the ground temperature rise.
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Energy
Troun
Savings A(Ag°F)d LCS (S)
(kwh)
Base 0 3.76 0

Precooling| 364,000 3.64 21,043

Table 12. Energy savings ground temperature change, and LCS with precooling included in optimization.

This study of precooling was by no means exhaugbivesome general statements can be made. First, i
is apparent that precooling has the potentialdoce LCC; though it may not be large enough to avarr
the complexity inherent in implementing such conimanany buildings. In any case, caution should be
used in the design of the strategy and the perfocmaf the system should be monitored closely to
ensure that it is behaving as desirgdst running a cooling tower at night during thensoier will not

save energy; in fact in our sensitivities we idiéedi several precooling strategies that increasstl ¢

Finally, examining the trends above indicates )airecooling is generally more effective if perfad
during the morning hours (but prior to both warmauql peak electric rates), rather than earlielén t
night, 2) allowing more precooling by using a lowaad threshold setting leads to additional energy
savings, 3) precooling can lead to a reductiorréqud temperature rise, but the magnitude is sioll
moderate amounts of precoolir@ fact it seems that a massive number of precgdiours would be
needed to fully balance the load on the grountiéncese of Cashman. Additional study will needego b
conducted to investigate precooling, including ottentrol strategies and even seasonal precooling.

GHX AND GENERAL CONTROL

Though not as critical as cooling tower or boilentrol (because those use so much more energy when
on), it is also worth considering optimal setpoifatscontrol of the GHX, which as a default shobkl/e

a bypass to save on pumping energy when loadseltdalanced, or simply low. In the decoupled
approach used at both Cashman and East CTA, tmabsetpoint for using the GHX (at the high end;
for cooling) is about 9-1% below the optimal cooling tower setpoint. Thisuks in a GHX setpoint of
77°F at Cashman, and #0at East CTA (as opposed to the designed setpb8%¥F at Cashman and

86°F at East CTAY?

When the buildings are in heating mode (i.e. halager heating load than cooling load), the
temperatures generally drop very quickly. Optimizashowed that it was generally effective for the
GHX setpoint in heating to be fairly high, so tti@¢ GHX is utilized quickly and§, is kept as high as
the capacity allows (note that this does not sughes it is economically optimal izethe field for

higher values of I, in heating mode, but rather just to utilize theXGstarting at a higher temperature).

All three of these facilities use decoupled primsegondary loops. This allows pumps to be desigmed
fit each loop more specifically (though this stileds to be done with care, to ensure proper gt |
efficiencies). But if primary/secondary controlised, consider referencing thg-TF, point in the

19 Cooling setpoint was not investigated at Tobacefis it didn’t seem to have any strong effect loa tesults.
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secondary loop for setpoint control (ak ], rather than a point in the primary loop. Primiargp
temperatures are not always indicative of tempegatat the heat pump due to the bypass that igreelqu

in the primary/secondary arrangement. Control basegrimary temperatures at Cashman leads to some
extreme temperatures during times of zero flowhengrimary side (see Figure 19). At the very l@ast
trend like Figure 19 should be monitored by fagiitaff so that the differences are understood.
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Figure 19. Temperatures in the primary (plant) loop and the secondary (building) loop (at the inlet to the
heat pump). Note that the temperature at the heat pump inlet is not controlled nearly as tightly as the
temperature in the primary loop, leading to potentially more extreme temperatures than designed for.

Due to the complexity of setting optimal setpoiatsl the large difference between predicted loatds (a
design) and actual loads as demonstrated eatlgeims there is benefit in adjusting and/or ogiimg;
setpoints after some actual operational/load dag@dilable. This can be done by the firm condadtire
measurement and verification of the building if kgable.

AN ALTERNATIVE TO HEATING DOMINATED HYBRIDS

Buildings that are heating dominated enough toisagmtly benefit from hybridization are not common
in much of the United States. They only exist imesely cold climates or in buildings with large
uncooled spaces. This is due to the load-dominsdégde of most commercial buildings, the constant
heat of compressors, and the increased usage tiiftien heat recovery to temper winter air. Thatlsy
we used a multifamily building in Wisconsin for theating-dominated portion of this project. In tase
of any severely heating—dominated building (appr@ately twice as much annual heating as cooling, or
substantial difference in four-hour peak loads)ippdemental heating device (e.g. boiler) could be
considered to balance loads and decrease life-cgske In an optimal system the ground heat exarang
is sized to meet the cooling load and a supplerhdatéce meets the remaining heating load.

To simplify the HVAC system in such buildings, stheneficial to first at least consid#rectly heating
air or heating fluid in the building (since boileedectricity, and solar all provide high enough
temperatures for this) and avoid unnecessarilyaijgy the heat pump. Delivering this supplemental
heat via coils separate from the GSHP fluid systamincrease system efficiency and eliminate the
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problems posed in the indirect approach discussé#tkti next paragraph. This direct heating candsé ¢
effective if it can be broken off as a separateéesys dedicated ventilation preheat, baseboard géeim
heating, domestic hot water, or unit heaters aocel gxamples that may be better served directly.

In other situations it may only be cost-effectiggotovide indirect heat through a supplemental heiht

on the ground-source fluid loop, as is done witloier at Tobacco Lofts. This option has some
drawbacks. First, if controls are not maintainedectly, the boiler may dump heat to the groundy @n
fraction of that rejected heat would be recover8dcondly, in this approach, heat pumps operate
whenever heating is needed, even though a highei@tye coil is also operating. This, coupled wlit
need for a heat exchanger in some of these sysseids,significant and unnecessary energy consumptio
to the system. Finally, the high potential tempeed from the supplemental device may be not within
limits of typical ground loop specifications andmvamties, should the boiler not be controlled pripe

At Tobacco Lofts, much of the initial hybridizatiemalready done using direct heat. There are
baseboards in some of the units, there is baseliardryways, and there is direct heat for vetitifa

air®. This amounts to about 65,600 kWh of direct Imeatisage each year, as opposed to the 268,000
kwh of energy used by the HYyGSHP system. Of coumsreh of this is electric heat, so it is not thesin
effective method of taking this off of the grounalisce loop-switching to gas heat on the ventilation air,
for example, would have been a cost effective gmiuiswitching from electric to gas heat in the
dedicated outdoor air unit would have saved $1&0Mwally, for a LCS of $0.32/jt

Even with this direct heat, the GHX design wagd B&hting constrained, resulting in hybridizati&ut as
discussed above, it may sometimes be simpler {er)da try to remove additional load from the GSHP
system and supply it via direct heating gas fireatses. It is not likely to be practical to shiftygheating
coils in Tobacco Lofts to direct heat (as theygaeerally all heat pumps serving single residential
zones). Butin a lot of commercial buildirgespecially those that are heating constrairthere are
often systems that can be shifted off of the GSyesn: unit heaters in mechanical and garage areas,
baseboard heat, vestibule heaters, or even owtsidgstems. We tested this approach by actinfy as i
Tobacco Lofts had the capability to make such #,sind experimented with shifting a certain amoafnt
the heating load. If we could have shifted 45%hefheating load in this size building to a difeeating
coil, a 20-year LCS of $14,000 ($0.268yfivould be realized beyond the savings already stfowm the
hybrid system. And the installation and operatibthe system would be simpler for building persdnne

BOILER CONTROL IN A HYBRID

Design an appropriate boiler setpoint relativeto the GHX operation, and inform facility

management to only modify with caution. Of course there are some cases where the onlypleasi
solution for a heating dominated system is to pkabeiler on the GSHP loop. In this situation, the
operation of a boilerfGHX combination must be duaiila care. Improper boiler and GHX setpoints can
result in heat being rejected to the ground duniegting season. In fact at Tobacco Lofts, afteiaihy
running the boiler too much and occasionally réjecheat to the GHX, the staff rarely operated the
boiler in the recent past due to warmer loop termpees. Models indicate that over time the boilér w

% n keeping with the general theme of oversizingattacco Lofts, the baseboards in the apartmeriiided as a
supplement for the worst-case loads, are almostrnesed. The four baseboards monitored as panisoptoject
weren't used during our study year. Other tenalsts iadicated that their baseboard heating was€tiu
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likely be needed again in a significant way whespleemperatures eventually fall. Without the bgiler
and with average weather, the loop would likelyrdelg by about 0% each year in the next five years.
With a moderate boiler setpoint, the degredatiamiy about 0.9F yeartotal after five more years.

In a system like Tobacco Lofts’, boiler performaigkapproximately constant (due to constantly
condensing temperatures and operation) while th¥ @étformance varies. The GHX is generally more
efficient at heat absorption than the boiler atdaiw Lofts (see Figure 20), except as the systdansen
part loads in early spring (mid-March in this casigh similar behavior in fall). At this point, theonstant
speed pump is not able to ramp down proportionatetiie load, and the boiler becomes more efficient
However, in this facility the Ip;, during these low-load shoulder seasons is indhge of 4%-6C°F,

and the optimal setpoints for both the boiler attiXGare below this temperature; so it is optimal to
operate neither during those times (this may ndatumfor all heat pump systems).
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Figure 20. Efficiency of boiler operation vs. GHX operation at Tobacco Lofts. The source COP shown is
roughly proportionate to cost as well.

In this case, the optimal GHX on setpoint iS&nd the optimal boiler on setpoint iSB0Basically the
boiler provides only a first-cost reduction beneditd once installed should be operated as minjraall
possible. And then, place the boiler downstreath®iGHX and use a boiler setpoint that is lowentha
the GHX setpoint to prevent the boiler from dumpiveat to the GHX.

HEAT PUMP OPERATION

We observed some energy impacts at all thesetkaeslidn't directly impact design or operationtloé
HyGSHP system per se, but are useful tips for ineat pump systems.

Use some form of optimal start-up with heat pumps. Initially at East CTA, the outside air to some of
the main spaces was set to activate when the oecypansors were activated in those spaces. However
this caused spikes in electrical demand, sharpsdrofiuid temperature during start-up, and potdritr
increased wear on equipment. A quick adjustmentmede to schedule outdoor air to maintain most of
the air conditioning savings, while staggering iittmthe beginning of the internal loads.
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Still, during winter morning warm-upand to a lesser extent during summer cool-detire power
consumption of the heat pumps at both Cashman asdE A spikes as ventilation goes from zero to
maximum values during the time that the temperatare returning to occupied levels. Meanwhile the
heat pump is operating with minimum temperaturefénground loop at these times, decreasing
efficiency. A spike in power of between 10 and 4utes in length is generally the result. And aguFé
21 shows, this spike drives the peak demand fowth&er months up by as much as 150 kW. Figure 21
only shows one week, but it is typical of other &g This phenomenon is not seen at Tobacco Lofts;
there is no ventilation on the HYyGSHPs, and noreéBXDC system to allow control of all the systesas
tenants are simply instructed not to set back theirmostats).

Staged warm-up is a well established solution i ghoblem, and is actually currently being worlked

by facility and energy management personnel fasehmiildings. Staged warm-up involves not only
warming up different areas at different times, ¢art also have ventilation air ramp up at a diffetiene
from the thermostat changeA more sophisticated approach would be an optatsatup sequence in the
DDC system, in which the controller would vary gtartup times of a few groups of systems until it
approaching minimum peak power (while still meetihgrmostat setpoint during occupied mode). In
modeling this approach, we found that the saving&ahman is actually minimal: approximately $400
per year for a LCS of $4,000 ($0.02yftwhich is as low as it is because Cashman dagsayoany
significant winter demand charge. However, for nmstdings and regions there is a significant winte
demand charge. If the Cashman winter demand chage proportional to the summer demand charge
just 20% lower for examplethe savings would be approximately $10,300 annupist for

implementing on optimal start control. That’s a LGf$$99,000 ($0.48A4j for the system.
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Figure 21. Power consumption at Cashman over the course of one winter week.

Consider sensitivitiesto varying heat pump performance during design. We monitored six (10%) of
the heat pumps at the Tobacco Lofts, primarily eali#ration point for heat pump power consumption

2L At Cashman the option of using €€ensors to delay the ramp up of ventilation aitl$® being considered, so
that ventilation ramp up could actually occur sfgaintly later than the start of occupancy andrimstat change.
Anecdotal evidence suggests that such a delay wealdt in multiple hours of ventilation energy sms.
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the models. But we also measured enough tempei@tdréiow data to determine the average operating
efficiency of each of the unffs a luxury that we didn’t have at the other twesitThis allows us to do at
least some minimal comparison between the heat pusefual operation and rated efficiency (according
to the Air-conditioning, Heating and Refrigeratimstitute, or AHRI, Standard 13256%1)All of these

heat pump units were single stage Trane Axiom GHit$ uof various sizesigure 22(for heating) and
Figure 23 (for cooling) demonstrate, the obseneat pump operating efficiency varies significantly
from unit to unit; in general it is near or somewloaver than rated efficiency.
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Figure 22. Heat pump operating efficiency in heating as a function of entering fluid temperature, as
compared to the AHRI rating (and manufacturer documented temperature relief).

22 Accurate COP measurements were only retrieved fiverof the six units; results from the currentitsiv
(measuring when the heat pump is on or off) for ofine units appeared to give erratic results civizire not
shown or considered in average COP calculations.

% Efficiency can of course not be measured direttly,was calculated based on measurement of flav an
temperatures. See the sectionData Collectionabove.
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Figure 23. Heat pump operating efficiency in cooling as a function of entering fluid temperature, as
compared to the AHRI rating (and manufacturer documented temperature relief).

These heat pumps have already been in servicéxfgears, so age and maintenance could be a factor.
Also, we did find that for these particular heatrmms, the efficiency was a stronger function of pzat
ratio than of temperature (which is not generallgtof heat pumps). Figure 24 shows the heating
operating efficiency of each of the heat pumps fametion of part load ratio; note that efficiency
decreases significantly with part load (coolingibkkd similar behavior, though less severely).
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Figure 24. COP of the heat pumps monitored at Tobacco Lofts, as a function of part load ratio.

This part-load effect resulted in lower averagécifficy than the rated heat pump efficiencies would
predict (and even lower than many established naap models). Modeled results show that if all the
heat pumps performed at the efficiency represdmyatie manufacturer (even with part load degradatio
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there would be a $5,800 decrease (10% of heat postpin electricity cost per year. Incidentallyistis
also one of the reasons that the GHX is oversiz¢lis case. Though it may be difficult to relytbis
during the GHX design stage, different sensitigitié sizing may consider at least the reductiopairt

load efficiency. For example, significantly lessahis extracted from this GHX at Tobacco Lofts than
would be extracted with more efficient heat punthge(to the extra compressor waste heat). One possib
cause of poor part load efficiency here is in thgugncing of the unit. Fans come on a full two r@su
prior to compressors. Then, valves open but ontytghbefore the compressor turns on; the sloweslv
do not deliver full flow to the heat pump until IAinutes into compressor operation, making early
compressor operation much less efficient. Othet pp installations, including Cashman and East
CTA, have a more favorable timing. But this issusymot be entirely isolated to Tobacco Lofts. Heat
pump power consumption has been measured at Higgnerated values in other research, in residential
applications (Puttagunta, 2010 and Andrushuk, 2008)

Ensurea proper return air path. Designers, contractors, and commissioning agestsraded to ensure
a proper return air path for the units. Return ithgctvas part of the general design in most of tbbaEco
Lofts units, but a couple of the apartments moeidrad inadequate return ducting, which starves the
heat pump of air and increases the return air testyo® in cases where the unit is in a closet @ilsm
plenum. One space without any direct return ainh paid a return air temperature in heating that1438
warmer than other spaces, which would result iB%rreduction in COP based on manufacturer ratings
just due to the increased return air temperatune.additional effect of decreased airflow on thetesy
was not measured. Most of the units studied (dnahéts at the other buildings) had a return aictdu

Use ECM motors. Electrically commutated motors (ECM) were used ast@nan; these motors save
approximately a third of heat pump fan energy. ieatize that if ventilation air is supplied at theat
pump, air flow should meet minimum required vetiila rates at the lowest ECM speed.

Consider unit accessibility. Heat pump filters and control boards both neecetadressible in all the
units. This was a challenge that all trades hdzbtoontinuously aware of on these projects; fomtlost
part their vigilance and that of the commissiordiggnt led to successful installation (though nebgk).

Choose a reasonably large deadband for temperature control. At East CTA, some heat pumps have
been observed cycling between heating and coolimdenduring short periods of time. This is mostliike
due to the deadband being too small on the theahogntrol, causing it to overreact to small fluattans
in load. Though this is not as problematic as tejpesate systems simultaneously heating/coolirdpet
lead to some significant additional energy cost.

Use partial economizer modein the DOAS. The only additional system improvement that we
recognized was the potential for the use of pagti@homizer mode in the DOAS. When the majority of
heat pumps are in cooling mode, lower the temperatuwhich outside air is delivered to providdeaist
some free cooling.

ENERGY AND ECONOMIC ANALYSIS OF HYBRID APPROACH

The primary benefit of hybrid systems is their iipilo lower initial cost. But the substantial clgann
equipment sizes and operation that accompaniegdigdition also results in changes in annual opegati
costs due to changes in energy, water, and maimtenand there are additional factors affecting
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economics such as different equipment lifetime tanceffects. A full life-cycle cost assessmenttade
systems is therefore the most comprehensive methooimparing hybrid systems to GSHP-only
systems, as well as more conventional system types.

Relative Energy Consumption of Components

Before computing the ultimate life-cycle comparid@tween various systems, we look at the energy
consumption of the various components of the hybyatems. This will allow us to understand more
clearly the impact that the hybrid components lavenergy usage, which is the primary driver behind
the annual cost comparison between systems. Thigyeoensumption data that was collected is
supplemented with calibrated simulation data, dntted by end use in Figure ¥5 Note that

differences between the buildings are driven largglthe differences in building type, and not hesea
one building is a significantly better performeathanother. These values demonstrate the relativadt

of each component of the HVAC system, as well as th@se compare to non-HVAC systems like
lighting.
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Figure 25. End use energy consumption of the buildings studied. Other HVAC is any equipment not on the
HyGSHP system.

Figure 26 considers just the HYyGSHP portion of éniergy consumption, and is modified to be shown
normalized to the total usage of each hybrid systBimte that although the supplemental equipment
(boiler or tower) makes up a significant portiortteé peak capacity of each system, it uses avelsti
small portion of the energy consumption in the exyst

% calibrated energy modeling results were usedltinfgaps in data collection-for example, submetering was not
done in all cases between water heating and otieehgating uses, so the model was used to diffatetthose

items. Energy consumption of devices on the HyG &P was almost entirely derived from monitoring as
opposed to modeling.
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Figure 26. Energy end use consumption for just the equipment in the HyGSHP system.

The reason for this is clear when the distributbbuilding loads is considered. The loadsr the

portions of the buildings served by the HyGSHRse plotted (as part load ratio) in Figure 27 idewrof
decreasing part 104t As the load distribution shows, these buildingerate for much of their time at
low loads. All three of the buildings spend lesst!3% of their time in the top 40% of the load
distribution. So although a large portion of the XGhhas been replaced witenerallyless efficient
equipment, the effect on total energy consumpsosniall. This notion could even be extended in some
buildings to hybridize both the heating and cookides of the plant to further reduce cBst.
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Figure 27. Load distribution for the three buildings.

% Part load ratio is simply equal to the currentloa the system divided by the capacity of theesyst
% That analysis is outside the scope of this stbdyjs a possible topic of future research.
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Life Cycle Cost Comparison

A lot of different inputs are required to define flife-cycle cost assessment. Energy rates weesdzas
actual utility rates paid by each facility, and tsosere based on both actual costs at the site and
nationwide cost research. Key economic parameterbréefly summarized in Table 13. A broader
discussion of economic factors affecting hybridsliding cost research, is shown in Bmnomic And
Other Assumptionsection above. Note that we assumed the mostari@nalysis for this study would
be one that considers a hypothetical decisionrtbatls to be made in the presetiterefore our analyses
use 2010-dollar costs and current economic datag@ssed to using costs at construction time).

Value Basis
General inflation 1.7% Difference between 20 year treasury bills, inflation adjusted and not
Fuel inflation, electricity 1.42% - 1.52% FEMP 10 year outlook, low end for WI site and high end for NV sites
Fuel inflation, natural gas 3.43% - 3.60% FEMP 10 year outlook, low end for WI site and high end for NV sites
Total tax rate 35% Federal business tax rate
Depreciation of plant equipment 5years IRS guidelines, MACRS
Discount rate 10% base*
Life cycle cost timespan 20 years

* Sensitivities to this value look at 5% as well
Table 13. Economic assumptions for life-cycle cost analysis.

These inputs are used in the validated models itbescin theModelingsection but with typical
meteorological year (TMY) weather data. These nm®det coupled with an economic analysis tool that
is constructed according to NIST Handbook 135 @Ffull996), resulting in life-cycle costs and other
related metrics.

Life cycle costs are meaningful in relative termbgen multiple options are compared with each other.
Our initial cost analysis focuses on comparisor@éen the hybrid approach, a ground-source only
system, and a conventional HVAC system. For Eagt @1d Cashman, the conventional HVAC system
being considered is a VAV system with boiler anidleh For Tobacco Lofts, the conventional HVAC
system being considered is a water-source heat gystem (with boiler and tower, and no GHX). These
represent three of the potential options actualhysiered by the building owners and designerthior
buildings studied. More information regarding tlsswmptions for the conventional building/system
models is given in thBuilding Modelssection (in general the baseline is based on ASHBAE-2004).
For each building, the resource costs (energy atdrveost per fj is plotted in Figure 28 for three
system types.
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Figure 28. Energy and water cost of hybrid systems as compared with ground-source-only and conventional
HVAC systems.

Figure 28 shows that both of these systems saigm#icant amount of operational cost as compared
with conventional HVAC. But perhaps more importginthe plot also shows that that energy (and water)
costs of hybrid systems are quite similar to tHajround-source only systems in these three aglita

Of course the savings comes at a higher instatlatist for a ground-source system. This is demaiestr
by the first costs of the HVAC system at East CE&g Figure 29). Though the ground-source systems

cost significantly more, the hybrid approach mitégathis increase, while maintaining much of the
operational savings.

$12,000,000
[ Cooling Tower Cost
O GHX Cost
$11,000,000 B Other Costs
$10,000,000 NNNN
$9,000,000 . .
$8,000,000 ‘
GSHP Hybrid Conventional

Figure 29. First costs by component for system options at East CTA.

We combined these operational and first costs, iplaistenance, tax effects, and salvage/replacement
cost into a full 20-year total life cycle cost (LEEhis calculation is conceptually:

LCC = CFirst + PV(CEnergy) + PV(CMaintenance + CWater + Creplacement - CTaxBenefits - CSalvage)
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Where each C is a separate cost, and PV is a predan function that accounts for discount rate,
general inflation, and fuel inflation. The diffetarosts are discussed in tieonomic And Other
Assumptionsection. The resulting life cycle cost differenedife cycle savings, or LCSfor the two
ground-source approaches are shown in Figure Bliveeto the conventional HYAC LCC.

8.0

B GSHP System
70 e

Hybrid GSHP System

B0
DL
N . | T | mmm

T . | ==

2.0 oo R .-

TR I 77777777777777777777777777777777777777777777777777777777777777777
0.0

T
East CTA Cashman .o Lofts East CTA, institutional
2L D e s -€CONOMIES ----- -

Life Cycle Savings - 20years ($/ft?)

-2.0

Figure 30. Life cycle savings of ground-source and hybrid systems, both vs. conventional HVAC. Note that
the delta for GSHP system at Cashman is shown, but its value is so small as to be negligible.

The East CTA case labeled institutional econonsidsdicative of governments, schools, non-profit
organizations, etc. (such as a school districtitts BBast CTA) who do not pay income taxes and floege
do not share in the economic benefits availabléHose entities. These organizations also tendecau
lower discount rate, often tied to bonds that aeduto fund projects; the rate assumed here is 5%.

In all four scenarios, the hybrid system has thet bES of the three systems. The balance in theidhyb
system between first cost and operational savirajesit an effective HVAC choice for all three
facilities. In contrast, ground-source only systetasiot show strong LCS for these three facilities,
though they probably would in a more balanced diima

Life cycle cost/savings is the preferred metricdetermining the optimal economic choice when faced
with different system options (Fuller, 1996). BUE& can be an abstract metric for some, as it is not
comparable to a typical cash flow or other metrioperating a building or a business. Some simpler
metrics can also be considered, though caution beugsed as these metrics are not as definititi@sn
scenario as LCS is. One such simple metric iseaafteturn, which can be compared to the rates of
return available from other investments (in thisesgper NIST guidelines, adjusted internal rateetafrn,
or AIRR, is used). Rates of return are shown inldd# for 1) the investment in a hybrid system (as
compared with a conventional system) and 2) theemental investment in upgrading from the hybrid
system to a fully ground-source system. The investrin a hybrid system is generally higher than the
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rate realized by going fully ground-soureén the increment between hybrid and ground-sountg the
highest rate of return between these three systeordy 5%.

Cashman East CTA Tobacco Lofts
1) Hybrid GSHP instead of Conventional 10% 12% 9%
2) GSHP instead of Hybrid GSHP 5% 4% 1%

Table 14. Adjusted internal rate of return for two increments of investment in ground-source. First, the
return for investing in a hybrid system vs. conventional HVAC. Secondly, the return for investing further
in more GHX to the point of a fully ground-source system. Note that these numbers do not include a
rate of return for investing in a ground-source-only system as compared to conventional HVAC.

Another, even simpler metric is simple payback. @@payback is very commonly used to make
decisions related to energy systems becausedtdasy to use and sometimes results in an accurate
ranking of options. But it should be considerechvagidution as it leaves out many effects includatg of
return, inflation, fuel inflation, taxes, replacembeosts, and more. Simple payback for the same two
incremental decisions is shown in Table 15.

Cashman East CTA Tobacco Lofts
1) Hybrid GSHP instead of Conventional 10.7 6.1 14.6
2) GSHP instead of Hybrid GSHP 93 117 Infinite

Table 15. Simple paybacks for two increments of investment in ground-source. First, the payback for
investing in a hybrid system vs. conventional HVAC. Secondly, the payback for investing further in more
GHX to the point of a fully ground-source system.

Economic Sensitivities

The economic viability of all GSHP systems is hgawifluenced by both varying costs of natural gas
and costs of GHX installation. We've therefore ctetgd additional analysis to determine the sensitiv
of our economic metrics to these parameters.

GAS COST SENSITIVITY

The price of natural gas, especially in recentggarhighly volatile. But the GSHP system econanaie
highly dependent on this cost since heat pumpsgabyg trade natural gas heating for electricalhwen
heating. A sensitivity analysis was conducted tasider the effect of natural gas price on life eycl
savings across all three buildings. Figure 31 shibwxhange in savings when natural gas price% 30
higher than the base case, and 30% lower tharetbe dase. Increases in gas price create a modest
increase in savings. Decreases in gas price caeatbstantial decrease in savings. The savings for
choosing a hybrid system remain, but the averagieest buildings is actually penalized for choosing
ground-source only systems in that low gas-pricgrenment.
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Figure 31. Average life cycle savings for a) HyGSHP and b) GSHP systems as compared with conventional
HVAC systems. Results are shown for a range of different natural gas prices.

GHX COST SENSITIVITY

Another parameter likely to vary is the cost of @idX. These costs fluctuate with regional experdisd
supply/demand in what is still largely a niche istity. Sensitivity analyses were conducted baseti®n
cost data collected both locally and nationallytfese systems (see tinstalled Costsection). For
comparing among different GSHP and HyGSHP systemissize options, the 2@Gand 8 percentiles of
GHX cost were used for low and high GHX cost, retipely. For comparing to conventional systems,
the cost differences between the hybrid and coimvesitHVAC systems were varied by 30% above and
30% below the base case differential (recall thaese¢ differences are based on bids and estimates do
during the actual project construction; seeltigtalled Costsection for more detail). Figure 32
demonstrates how life cycle savings changes withing GHX cost. LCS for a GSHP system is highly
dependent on GHX cost, whereas savings for a hgygtem is only modestly affected in each case.
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Figure 32. Average life cycle savings for a) HyGSHP and b) GSHP systems as compared with conventional
HVAC systems. Results are shown for a range of different GHX costs.

CLIMATE SENSITIVITY

Finally, the success of hybrid systems in thesexasof course heavily dependent on the climate in
which the buildings are installed. In this cased@esitivity analysis uses just Cashman, whichslled
in the hot, dry climate of Henderson, Nevada. Tepasate sensitivity analyses were considered fer th
project. First, the building was relocated to Nere@ns, Louisiana, where it is hot but humid; tifene
the effectiveness of the cooling tower, especidlising the day, is lessened. Secondly, the buildiag
relocated to Washington, D.C., where the climataush more moderate. In this climate the buildig i
neither cooling nor heating dominated (the ratiamfiual cooling to heating is near one; see Tat)le 1

New
Las Vegas, Orleans, Washington,
NV LA DC
Ratio: Annual Cooling / Annual Heating 3.5 5.0 0.7
Ratio: Peak Cooling / Peak Heating 0.7 0.7 0.4

Table 16. The ratio of cooling to heating loads for Cashman, as placed in climates representative of three
different locations.

In all cases the equipment sizes were re-optimiaethe specific climate. The life cycle savings fo
Cashman GSHP systems in different climates is shovwangure 33. Savings for New Orleans is very
similar to the savings shown in Las Vegas. Buhmmoderate climate of Washington, DC, the hybrid
case has essentially the same benefit as a graundesonly system. In a building with well-balanced
loads such as this it is likely not worth the extoanplexity to choose a hybrid system over a GSHP
system—especially if the staff operating the system arehighly technical. Note that these results are as
much due to the Cashman building type as theyoatteetclimate. To reach such a balance in loads,
certain building types may need to be located dwgher north (and in other cases, less so).
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Figure 33. Life cycle savings for the Cashman building in three different climates, for both a) HyGSHP and b)
GSHP systems as compared with conventional HVAC systems.

EMISSIONS ANALYSIS OF HYBRID APPROACH

Increasingly, environmental impacts are consideedlosely as economic impacts when making
building design decisions. Owners and builderg@cegnizing that buildings use a large portionhef t
primary energy in the United States, and accourdrioeven larger portion of air emissions (39%hef t
carbon dioxide emissions, in the United States, H)A8). One of the largest environmental impacts a
building can make is through emission of carborxidi® and other global warming causing gases
(USGBC, 2009). Studying the relative impact of hgtaystems on carbon dioxide emissions therefore
gives us some sense (though certainly not a completure) of the relative environmental impact of
these systems as compared to other options. Natted¢bermining relative environmental impact with a
heat pump system is not as clear as simply lookim@imary energy consumption, because many of the
tradeoffs in this analysis involve changes in bmitural gas and electricity, which have very difar
emissions factors.

It is therefore useful to consider the relative ssitns of a hybrid system versus the other syst#iors.
We began by researching emissions factors to ugeioalculation. Emissions factors vary by regloe

to differences in electric generation fuel mix, arbder electricity supply-side factors. Ideally,ission
factors for electricity are developed based oretiitge grid where the electricity is used (so stgtecific
numbers are not useful) and are also based onmahggineration (as prescribed by GHGPI, 2009). The
emission factors found for use in this study a@shin Table 17.
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Electricity Gas

Emissions Emissions
(Ibs/kWh) (Ibs/therm)
Tobacco Lofts  CO: 1.7 11.8
NOx 2.9E-03 9.8E-03
SOx 2.7E-03 5.9E-05
Mercury 1.5E-11 2.6E-08
Cashman and CO> 13 11.8
East CTA NOx 1.1E-03 9.8E-03
SOx 6.8E-04 5.9E-05
Mercury 9.5E-09 2.6E-08
US Average CO2 1.7 11.8
NOx 2.3E-03 9.8E-03
SOx 6.5E-03 5.9E-05
Mercury 2.6E-08 2.6E-08

Table 17. Emission factors for the regions considered in this study, along with the national average.
Wisconsin factors are based on (PA, 2008). Nevada factors are based on (Leonardo, 2009).

We used these factors to compare emissions adressine system options that were compared in the
economic analysis. Emissions savings for carboridi the primary greenhouse gas, are shown in
Figure 34. Both hybrid and ground-source-only systeesult in a similarly high level of carbon didei

savings in these three installations.

47%

46%

Reduction in Carbon Emiss. (Ibs/ft2/yr)

East CTA

Cashman

B GSHP System
W Hybrid GSHP System

Tobacco Lofts

Figure 34. Carbon dioxide emission savings (per year) for each of the sites for both hybrid GSHP systems and

GSHP systems, as compared with conventional HVAC.
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Other emissions of concern include N@hich causes several problems including harnrioligd-level
ozone, SQ which causes dangers including acid rain, anctungr which is a direct danger to humans
via bioaccumulation. For these three pollutanteings for each site followed trends similar to thdar
CO;, (since electricity savings was by a large marlgengrimary driver behind all four emissions savings
rates). The average emission rate for each potlatanss all three sites is summarized in Figure 35
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B GSHP instead of

0.0080 0.0040 Conventional
- 5.0E-08
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Figure 35. Average emission savings (per year) for across all three sites for both hybrid GSHP systems and
GSHP systems, as compared with conventional HVAC.

In general, for these three sites, there is siggnifi emissions savings in adopting GSHP systems)dst
major pollutant§, and utilizing the hybrid approach at these siéssilts in a similar emissions reduction
to ground-source-only systems.

2" One omission is particulates (e.g. RMwhich was not included here due to a lack of-gvide particulate
emissions data for the sites studied. Since pdatiewemissions from natural gas are generally mahithe
emissions for particulates would generally folldve same trend as the other pollutants.

Energy Center of Wisconsin 55



Hybrid Ground-Source Heat Pump Installations June 30, 2011

HYGCHP TOOL

The results of three case studies, as compreheasitieey may be, cannot be applied universally.
Therefore our model will be made freely availaloiéhte engineering community, in a distributablarfat
with a user interface that can be manipulated byesme without the knowledge or access to the
TRNSYS software used to create it. This distriblgalersion, called HyGCI—FP’, is fundamentally
consistent with the models validated and usedhfeithiree buildings that we studied in this project,
including use of all the same component modelst (@aps, cooling towers, GHX, etc.). The system
configurations have however been generalized tcerttadm applicable for a wider range of building
projects. Building design professionals can usestifevare to analyze a variety of heat pump system
strategies for their buildings. Firstly the programoludes a simple, ground-source only system atigw
novice users to harness the TRNSYS DST groundenesianger model in a straightforward manner.
Additionally, the program includes four differertading-dominated hybrid ground-source systems:
cooling tower either upstream or downstream of GHEY, fluid cooler upstream of GHX, and cooling
tower with entering temperature control. It alsclildes a heating dominated hybrid configuratiorhwit
boiler downstream of the GHX. And finally, it allewhe user to remove the GHX and model some
conventional water source heat pump systems.

Though the software is simple to use without enenggeling experience, it does require hourly loasls
an input (the package does not include buildind lm@deling capability, as there are a wide varodty
building energy modeling tools already proven available). Though many ground-source heat pump
design and analysis software packages requirepmal and annual loads, there is already some
movement in the industry towards using hourly loadsich have the potential to increase accuracy
(though the quality of the load estimate is stifgmount over the time interval). And hourly loads
becoming more readily available as building enengglels are increasingly used as an integratedpart
the building design procesommonly used tools such as eQUEST and TRACE gquabba of
producing hourly loads. Once loads are input, g&r has the ability to modify all system parameters
from heat pump efficiency to the conductivity o€t&HX’s grout, and run a simulation to determire th
resulting system temperatures, efficiencies, enasgge, and financial impacts (including energy cos
and total life cycle cost). These results can leeldsr comparing merits of different designs. Adued
optimization algorithm can be used to find suchgkias optimal equipment size, based on LCC.

The HYyGCHP tool is expected to be helpful for asmlypf HYGSHP system options throughout the
planning and design process for new buildings andvations, from a simple feasibility study early i
design to a more refined design analysis. It caplsment use of existing ground heat exchangengizi
software such as GCHPCalc, Ground Loop Design GHHEPRO. Where these tools have more
simplified methods for considering hybrid optioasd doing economic calculations) the HyGCHP
program can be used to study the effect of hybeglghs in more depth. The tool is also meant to
supplement existing energy modeling tools. Commaosklyd energy modeling tools have some significant
limitations in their ability to model HyGSHP systenthis tool can handle configurations that thekla
And some may simply be interested in the abilitytiize the DST GHX model in relatively
straightforward manner. HyGCHP is available for dtvad on both the Energy Center
(http://www.ecw.org/hybriland UW Solar Energy Lalhttp://sel.me.wisc.edivebsites.

2 A distributable of that model version was als@asked through ASHRAE as a beta test. The distbrifeom the
current project represents a significant improverneiits predecessor.
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CONCLUSIONS AND FUTURE WORK

Our study of these three HYGSHP has demonstragdf implemented correctly, hybrid systems can be
a cost effective method of incorporating a grouadrse system into a building system (at least for
buildings similar to those studied here). Generajligrids were more cost effective than ground-seurc
only as well as conventional systems, and in sasesactually saved more energy (and emissions) tha
the purely ground-source approach. There seem &oféw areas that designers and operators of these
systems need to focus on to improve operation:gsrequipment sizing, design and operation of part
load pumping strategies, and tweaking of equipraetgoints after installation. Tools that allow
personnel to analyze these issues are beginningcmme more available; we validated one such tool,
HyGCHP, in this study but other ground-source tantsexpanding to cover hybrids in more depth as
well.

These lessons and tools can hopefully be used tmwgers who would normally not consider a ground-
source system to reconsider; the savings are ghrtaorth a pause in any systems selection disonssi
System complexity may still be an issue for sonwe.dxample, depending on staffing, hybrids may not
be the best choice for facilities without eitheramsite HVAC facility manager or a good service
relationship with a local mechanical firm. But iargeral, these systems should be implementable sh mo
buildings. Though they can seem complex, it cadéraonstrated to owners and facility personnel that
the components of these systems (GHXs, towerserspihre far from new. And the combination of
components only requires one or two additional msibe implemented. Those control items just need
to be well thought through both in design and mastupancy, so that the system operates to its fi@ten

FUTURE WORK

There will continue to be a need for studying Hy&S$ystems in the coming years. Improving the tools
to design hybrid systems is going to be a challéagground-source design software and publication
authors to overcome. And if these tools are tarq@oved to allow consideration of 8760 loads fairsi
and control design, the links between hourly baiddsimulation models (such as eQUEST, TRACE, and
EnergyPlus) and ground-source design tools wildrteebe made tighter. Tools that allow for contichue
optimization of the system after occupancy are telginning to be developed; improvement to these
could be increasingly important as systems get roomngplex. For the tool validated in this study,
computational speed is the primary area for impmea (the amount of time needed for the TRNSYS
GHX to run is longer than many engineers will bding to wait).

Though our study, as well as many before it, haresiclered both heating and cooling dominated hybrid
systems, we did not consider the cost-effectivenéasdouble hybrid, in which both a cooling tower
similar device) and boiler are connected to a GH . more balanced buildings (such as a high
performance office building in Chicago), a hybrsdhiot needed due to load imbalance, but a double-
hybrid could be cost-effective to deal with the #rmmount of high part load ratio that we found in
analyzing these buildings (as evidenced in Figaie 2

When it comes to controls, one area in which thvéfsity of Wisconsin is going to continue
researching is the study of supplemental coolingrobin hybrid systems, specifically the idea of
precooling. Only a few studies have investigatéslittea in any depth, and there are a wide range of
control strategies to consider. Options range fseasonal precooling (running a tower during heating
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season) to the nighttime precooling discussed heiefiming-neutral approach like forecast control
(suggested by Xu, 2007).

And finally, there is a need for better understagdf the long term temperature impacts of load
imbalance on the ground. We suggest in this rapattit might not be cost effective to use hybrid
systems to fully balance the load on the groundh\ttiis strategy it becomes just as important iorits
to consider long-term temperature penalties &siit & ground-source-only systems. Several modsis h
been proposed for calculating this long-term effbat there is considerable disagreement between th
methods, and a lack of long-term operational datntighten the discussion.
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APPENDICES

APPENDIX A. DATA COLLECTED

Data collected from each of the three sites inghigly has been compiled for use by others who teish
study these systems for further research, compgatera operating points to their own buildings, or
simply look at the data that our calculations weaeed on. The full set of data from all three bodd is
available in a single download, in either Excelesfaisheet format or comma-separated format. This dat
can be found at www.ecw.org/hybrid.

Units for each data point are given, as is a detson of whether the data is actually measureaotly
calculated from measured, or derived in some atfarner. The following files can be found in the
download:

Spreadsheet (.xlsx) download:

II'_iﬂlllat.il - Cashman. xlsx 13,916 KB  Microsoft Office Excel 2007 Workbook
i3] Data - East CTA. dlsx 5,101KB Microsoft Office Excel 2007 Workbook
IIﬂ[ﬁlata - Tobacco Lofts, xlsx 22,705KB  Microsoft Office Excel 2007 Warkbook

Comma-separated (.csv) download:

@Data - Cashman, Calculated. csv 2,387KB  Microsoft Office Excel Comma Separated Values File
&) Data - Cashman, Measured.csv 9,883KB  Microsoft Office Excel Comma Separated Values File
@Data - East CTA, Measured (Status).csv 2,870 KB Microsoft Office Excel Comma Separated Values File
l%Dat&n - Bast CTA, Measured (Streaming).csv 3,109KE Microsoft Office Excel Comma Separated Values File
@Data - Tobacco Lofts, Measured (Plant). cav 10,502 KB Microsoft Office Excel Comma Separated Values File
@Data - Tobacoo Lofts, Measured (Unit B). csv 2B5KE  Microsoft Office Excel Comma Separated Values File
@Data - Tobacco Lofts, Measured (Unit A).cav 539KE Microsoft Office Excel Comma Separated Values File
@Data - Tobacoo Lofts, Measured (Unit C).csv 550 KB  Microsoft Office Excel Comma Separated Values File
@Data - Tobacco Lofts, Measured (Unit D). cav S00KE Microsoft Office Excel Comma Separated Values File
@Data - Tobacco Lofts, Measured (Unit E). csv 476 KB  Microsoft Office Excel Comma Separated Values File
l%Dat&n - Tobacao Lofts, Measured (Unit F).csv S507KE  Microsoft Office Excel Comma Separated Values File

Note that data from East CTA is broken into tweegaties: status data is simply a series of timgstam
establishing the timing for various pieces of equémt turning on/off, while streaming data is a tgbi
data point collected once every 15 or 60 minutegalat Tobacco Lofts is also broken into two
categories: plant data is collected in the cemxathanical room of the apartment complex (and so
contains data for the boiler, pumps, etc.), whdeador the six living units (10% of the total w@)ithat
were studied is given on separate documents divigididing unit (unit names do not reflect the adtu
name of the living unit to protect privacy).
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APPENDIX B. HYGSHP FACT SHEET

As a summary of this report, for the purpose ofemgeneral distribution, we assembled a brief faees
It is reproduced on the next two pages.
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ybrid ground source heat pump
systems have the potential to
make ground source heat pump

systems (GSHP) more cost effective.
Though GSHP systems can significantly
reduce energy consumption in com-
mercial buildings, the high first cost of
installing the ground heat exchanger
(GHX) can be a barrier. A hybrid system
uses conventional technology such as

a cooling tower or boiler (Figure 1) to
meet a portion of the peak heating or
cooling load. This innovation allows you
to install a smaller, less expensive GHX.

Comparing hybrids, GSHPs and

conventional HVAC

In a study sponsored by the U.S. De-

partment of Energy, the Energy Center

analyzed performance and economic

data from three hybrid installations to:

e disseminate lessons learned,

e validate models for others to use in
analyzing hybrid systems, and

e assess the economic and

Hybrid ground-source heat pumps
SAVING ENERGY AND COST

REPORT BRIEF

environmental effectiveness of hy-
brids in comparison to GSHPs and
conventional HVAC.

Our analysis found that all three instal-
lations were economically cost effective.
The average rate of return for investing
in hybrids in these three cases was 10%.
If they had invested in additional GHX
to go to a full GSHP system, the rate

of return on the additional investment
would have averaged just 3% (Figure 2).

Additionally, choosing a hybrid does not
sacrifice environmental benefits (includ-
ing carbon savings) because, in general,
the supplemental equipment operates very
infrequently due to the typical part-load
operation of these commercial buildings.

Lessons learned

By monitoring and analyzing installed
hybrid ground source heat pump
systems, the Energy Center was able
to add to the body of knowledge on

Figure 1—A TYPICAL HYBRID SYSTEM
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Figure 2—THE ECONOMICS
OF HYBRID SYSTEMS
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the design of these systems. Some of
the lessons learned from study of these
buildings include:

Component sizing in a hybrid system is
extremely important—do not oversize
the load that drives the GHX size. Use a
sizing algorithm that optimizes the tow-
er or boiler (see references and software
options below; use hourly—8760—
loads as inputs if at all possible).

Pumping uses a lot of energy in a hybrid
system. Minimize pump sizes and focus
on part-load performance. For central
pumping include a part-load pump of

a smaller size (~50%). Consider using
smaller individual pumps for “rogue”
zones. Choose variable speed wherever
applicable with a well-positioned dP sen-
sor that is adjusted downward (post—
occupancy) to allow for the lowest
speed possible.
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CASE STUDY: EAST CTA
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HYBRID GROUND-SOURCE HEAT PUMPS

East Career and Technical Academy is a vocational high school in Las Vegas, Ne-
vada. Individual, closet-installed heat pumps serve each space and are tied back to

the mechanical room via one large vari-
able flow secondary loop. These sec-
ondary building loops are connected
to a primary loop, which has a 168,000
ft GHX and two, multi-speed cooling
towers (167 tons each) attached. East
CTA is a heavily cooling-dominated
building and investing in a full ground-
source system would have been cost-
prohibitive. By investing in the hybrid
system, the district is saving approxi-
mately $0.50/f2 in operating costs an-
nually—only a few cents less than a full
ground-source system. And the district
realized first cost savings of $1 million
by going hybrid.

Cooling towers or fluid coolers should
be variable speed (if multiple towers,
ramp up/down together, not staged),
and ramp down quickly enough to shut
off shortly after substantial cooling.
Tweaking the control setpoints after

occupancy can ensure efficient operation.

If using nighttime precooling with a
cooling tower, operate it for a short pe-
riod of time (a few hours), right before
morning startup, and at a lower fan

speed. Precooling does not have to be
used to balance load on the ground.

The loop should be able to bypass the
GHX. Set a reasonably wide deadband

(20-30°F) in which the GHX is not used;
with GHX in cooling-dominated systems
coming on only ~10°F below the setpoint

of the cooling tower.

Boilers should be placed downstream
of GHXs and controlled to a setpoint

5-10°F below the GHX. Condensing
boilers work very well in these systems.

Heat pump operation—use optimal or
staged startup to avoid large peaks. En-
sure proper return air paths and main-
tenance accessibility to the units, and
partially economize using outdoor air if
possible.

FOR MORE INFORMATION
Contact Scott Hackel at
608.238.8276 x129 or
shackel@ecw.org

To read the full study, see:
www.ecw.org/hybrid

Resources

Software tools

HyGCHP—free version of the model
from this study, allows for comparison
of a variety of hybrid and conventional
design approaches.

EnergyPlus—free software from the U.S.
Department of Energy for full building
modeling, including hybrid capability.

TRNSYS—full building thermal
modeling, with the capability of studying
any hybrid system imaginable.

Sizing tools—ground-source sizing tools
like GLD 2010, GCHPCalc and GLHEPro
have some very basic hybrid sizing
capability.

Design references

Basic design information: A Design
Method for Hybrid Ground-Source
Heat Pumps by Kavanaugh (ASHRAE
Transactions 1998); other work by
Kavanaugh and Rafferty.

Simulation and Optimal Control of Hybrid
Ground Source Heat Pump Systems by Xu
(Ph.D. Thesis, 2007); www.hvac.okstate.
edw/theses.html

Optimal hybrid sizing; some sample
control sequences:
http://sel.me.wisc.edw/publications-
theses.shtml (thesis by Hackel)




